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Abstract—The response of the electrons of an fcc copper (001) film to an external electrostatic field is calcu-
lated. In order to determine the distribution of the screening charge, the equations of the electron density-func-
tional theory are solved self-consistently by an original method. The position of the “image plane,” which is
involved in a correct asymptotic expression for the exchange-correlation potential in the vacuum region, isfirst
determined when performing a quantum-mechanical calculation for an anisotropic crystal film. The nonlinear
electron response is characterized by the evolution of the “center of gravity” of the induced charge, which is
also investigated. The calculationstake into account the crystal structure of thefilm, and the results differ essen-
tially from the predictions of the “jelly” model. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Correct treatment of the screening of an externa
electrostatic field by a metal surface is essential for
understanding many physical phenomena: atom and
electron scattering at ametal surface, tunneling through
a surface barrier, lattice dynamics of clean and adsor-
bent-covered crystals, generation of the second har-
monic of an electromagnetic field on its reflection from
the surface of a metal, etc. The physics of these phe-
nomenaconsistsin the nonlocal response of conduction
electrons to the external electric field. After the classi-
cal work of Lang and Kohn [1], many studies were
devoted to this problem. However, all of them, with rare
exception, are based on the jelly model, which does not
take into account the anisotropy of the lattice of areal
crystal. Only in[2-5] were quantum-mechanical calcu-
lations of the induced electron density performed for
the (001) surfaces of Al and Ag in arealistic model of
the crystal potentia, and the results differ essentially
from those obtained in the jelly model.

In this paper, a self-consistent calculation of the
electron response to an external electrostatic field is
first carried out for an (001) film of fcc copper, a metal
for which the jelly model is certain to be inadequate.

1. MODEL AND CALCULATION TECHNIQUE

In order to find the electron states of a (001) film of
copper, we self-consistently solve a set of equations of
the electron density-functional (EDF) theory written in

atomicunits(e=#2=m=1):

30+ VIp: 1, dTWalr, @) = Ex(k, Wou(r, @), (1)
g g

p(r,q) = Z|L|Jnk(r’q)|2®(EF(q)_En(k’q)) 2
n,k

[©(X) is the Heaviside step function], with boundary
conditions corresponding to the electron bound states
lying below the continuous spectrum. For acrystal film
oriented perpendicular to the z axis, this means that

l'I')nk(rv q) = exp(_ikRn)qJnk(r + Rn’ q)a (3)
j|wnk(r,q)|2dr =1, @)

where R, isatwo-dimensional lattice tranglation vector
and q is the number of uncompensated electrons in a
unit cell Q of the film.

According to Eq. (2), the electron density p(r, Q) is
the sum over al energy bands n and quasi-momenta k
corresponding to the occupied one-particle states with
energies E,(k, g) lying below the Fermi level E-(Q).

The Coulomb contribution to the effective potential
V[p;r, g iscalculated by amethod described in [6]; the
method explicitly takes into account the electrical neu-
trality of the volume of the metal film (Fig. 1):

Epoo(r)’ rDQ|
, = 5
pir. Eps(r’Q), roQ,+9Q, ©
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Fig. 1. Different regions of the unit cell of thefilm. | (Q)) is
the bulk region, 11 (€)) is the surface region, and 111 (Q)
isthe vacuum region (the portionsof M T spheressituated in
the bulk region of the unit cell are hatched).

where p,(r) is the self-consistent electron density of
the electrically neutral infinite crystal. This “frozen
electron bulk density” model isbased on astrict asymp-
totic form of the electron wave function deep within the
crystal film [7] and agrees with self-consistent calcula-
tions of the electronic structure of metal films. The
model allows one to improve the stability of self-con-
sistent calculations for a charged film and, on the other
hand, to achieve much progress toward analytical solu-
tion of the Poisson equation with non-muffin-tin elec-
tron density p(r, g). In combination with the calcula-
tiona technigue described below, this model makes it
possibleto considerably simplify a self-consistent solu-
tion of the Kohn-Sham equations (1) and (2) and to
take advantage of the available numerous calculations
of the electronic structure of infinite crystals.

The exchange-correlation contribution to V[p; r, q]
is written in the local density approximation by using
the Hedin—Lundgvist interpolation formula with the
parameters presented in [8].

For an electrically neutral system (g = 0), the bound-
ary conditions in the vacuum region [EQ. (4)] corre-
spond to a potential which asymptotically tendsto zero
(the wave functions of the discrete spectrum fall off
exponentially). In the case of a charged film, the elec-
trostatic potential in the vacuum region varies linearly
with the distance from the film surface, as is the case
with the potential of acharged surface [6]. For thisrea-
son, as in many other papers concerned with calcula-
tions of the electronic structure of charged films, we
assume that, in vacuum, on either side of the film, there
is an infinitely high potential barrier at a distance zg
from the film surface, where the el ectron density is neg-
ligibly small. This barrier is placed far from the film,
and its effect on the occupied states can be ignored if
the condition V[p; z5, d] > Ex(q) is fulfilled. At the
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same time, its presence makes it possible to treat the
effect of uncompensated charges of both signsin terms
of stationary states.

Equations (1)—(4) are solved self-consistently by an
origina method described in detail in [9, 10]. In this
method, the set of coordinate functions chosen for the
Ritz variational procedure is such that the surface
region and the bulk of the film can be effectively sepa-
rated and the computational effort isgreatly reduced. In
some sense, our method is analogous to the “embed-
ding” method (as applied to the case of afilm), which
was employed in [2, 3] for calculating the electron
response of semi-infinite Al and Ag crystals.

In our method, when performing the Ritz variational
procedure, the following expansion of the wave func-
tionis used:

Wl @) = 5 (@ 9(r)O()
W0 (6)
+ 5 @& ) (1-O(),

j=ds+1

where é(r) = 1if r liesin the volume Q, of the film
(Fig. 1); otherwise, we have © (r) = 0.

In Eq. (6), @k(r) are the eigenfunctions of the
Hamiltonian for the infinite crysta

204 Velpa D) = 50000 (D)
0 U

These eigenfunctions are subject to the Bloch boundary
conditionsin Eg. (3) in the film plane and to the homo-
geneous boundary conditions at the z= +b, planeslying
in the surface region (Fig. 1),

2 aur) = L), ®)

where n is an outward normal to the surface of the
region bounded by the z = +b, planes and L, is a con-
stant. In what follows, we assume that the film is sym-
metrical relative to the z = 0 plane; therefore, the func-

tions Wﬁ'ﬁ) (r, g) possess a definite parity p. Clearly, the
Sturm-Liouville problem specified by Egs. (7) and (8)
meets the requirements imposed by symmetry on the
functions ¢ ().

It is known that, in fcc copper, the potential in the
bulk is closely approximated by the muffin-tin (MT)
potential, and Eq. (7) can be solved efficiently by the
film version of Green’s function method [9-12].

Asin the embedding method, the function EEE) (r,q)

is taken in the form of a linearized augmented-plane
wave (LAPW) [13] in the film surface regions lying
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above the S" and below the S surfaces (Fig. 1). In the
space between the spherein the film surface region, we
have

(p)(r q) = (lezl)p COS(kn(lzl_aZ))

A=y 9

x exp(i(k + K )u),

where the parity p coincides with the parity of the state,
K, isareciprocal lattice vector of the film, r = (u, 2),
j={n, y}, and k, = nt/(a, —a,), withn=0, 1, 2, ... .
The convergence of the variational calculation
depends heavily on the position of thez=a, andz= a,
planes (Fig. 1). For a(001) film of fcc copper, the opti-
mal positionsarea, = t—3.5r,and a, = t + 3.5r,, where

z =t is the uppermost atomic planeand r¢= A./2/4 is

the radius of the MT sphere (the lattice parameter A =
6.8309 a.u. istaken to be equal toitsbulk valuefor cop-

per).
Within the ith MT sphere in the surface layer, we
have

&R o) = Z{G.m,(km‘”(r., B0

+ S0 R EL 0 YT,

where Rf')(ri; E,, ) isasolution (normalized inthe MT
sphere) to the Schrddinger equation with effective
potential V[p; r;, q] averaged over the angles corre-
sponding to the energy E;; Rf') (ri; B, q) isitsderivative
with respect to energy; r; =r —t;, wheret; isthe position
vector of the ith atom of the surface layer; and Y, (r;)

are the spherical functions of the polar angles of the
vector r;.

In the vacuum region, E(p) (r, ) isalinear combina-
tion of the solution (corresponding to the energy E, and
normalized in volume Q,;,, see Fig. 1) to the equation

with effective potential V[p; r, q] averaged over the
film plane

D—1d—2+v 12,0l —E, + 3k +K 0
] 2d22 [p1 !q] v 2( u) O (11)
xgk,p(z1 Ev) = O

and the derivative to this solution g,, with respect to
the energy. At z> 0, we have

R, 9 = [AY'9,@ E, 0)
+ B 6 @ E,, q)]exp(i(k + K, )u).

The coefficients Gf};) (k), S (k), A", and Bf," are
determined from the condition for continuous differen-

(12
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tiability of the basisfunctions at the surfaces of the M T
spheres and at the film surface z=b.

It should be stressed that, as in the LAPW method,
the film muffin-tin (FMT) potential is used only for
constructing the set of coordinate functions. The effec-
tive potential in the surface region is not of the MT
form in our method, which is quite important and
should be taken into account when describing the elec-
tron states of ametal film [10].

The basis functions defined above suffer a disconti-
nuity at the surface-and-bulk region interfaces S*. For
thisreason, the functional to be minimized iswrittenin
the form [14]

Q+Q,+Q

W*(H - E)Wdr

2}(% wyBlwr+ Surlis (1

j(wﬁ W E w. ——w..%is

where the Hamiltonian H = —%A +V[p; r, gl isgiven

everywhere over the unit cell Q of the film; ¥, and W,
arethewavefunctionsin the bulk (Q,) and surface (Q,)
regions, respectively; and n isan outward normal to the
boundary of Q,. Minimizing this functional with the
functionsin Eq. (6) leads to a set of homogeneous lin-
ear equations,

O [ O
O0SP(E s? %dmgzo
SE S»(B) md” O
whose matrix is Hermitian and has a block form. Only

the elements of the diagonal blocks él'i) and S, arelin-
ear functions of the energy, (S)), = (H; — EOy)us
whereas the elements of the Hermitian conjugate

blocks S\ and S} are E independent. Thus, the prob-

lemisreduced to ageneralized eigenval ue problem and
single minimization allows one to determine all eigen-
values E,(k) in agiven energy interval.

It is significant that the surface-layer potential
affects only the elements of the block S,, whose
dimension is determined by the number of surface lay-
ers. This block is the same for even and odd states,
which reduces the computational effort. The blocks S;;,
Si,, and S,; need not be recal culated when surface per-
turbations are taken into account or when the self-con-
sistency procedure is carried out, if the self-consistent
bulk electron density is used. Details of the derivation
of Eq. (14) and an explicit form of the matrix elements

(14)
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Fig. 2. Distribution of the induced electron density for the
uncompensated electron number g equal to (1) 0.03 and
(2) -0.03. The distance is measured from the geometrical
surface of the crystal (arrows indicate the positions of the
film surface z=b and atomic planes).

are presented in [9]. In [9, 10], it was shown that the
accuracy of the electronic-structure cal culation method
described above is comparable to that of the film
LAPW method. The effect of the coordinate function
parameters on the rate of convergence of the variation
procedure was a so analyzed in those papers. The effect
of the centers of linearization of LAPW functions is
identical to that in the film LAPW method [15]. The
Sturm parameters noticeably affect only therate of con-
vergence of the variation procedure. After the parame-
ters a; and a, had been optimized, we used 80 LAPW
functions and about ten Sturm functions for the states
of the same parity. The dimensionality of the basiswas
verified by comparing the calculation for the electri-
cally neutral film with other available calculations and
the experiment.

Tablel1. Distribution of the uncompensated el ectron number
g over different surface regions of a (001) film of copper: Q.
is in the vacuum region, e iS in the regions between the
spheres of the surface layer, and Qgne isin the MT spheres

q Qac Ginter Ospher
—-0.03 —0.0176 —0.0100 —-0.0024
-0.02 —0.0123 —0.0069 —0.0008
-0.01 —0.0063 —0.0033 —0.0004

0.01 0.0061 0.0031 0.0008
0.02 0.0117 0.0053 0.0030
0.03 0.0183 0.0083 0.0034
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2. SCREENING OF AN ELECTRIC FIELD
BY A (001) FILM OF COPPER

An investigation of the electron response of metals
to an external electrostatic field in the framework of the
EDF theory is of considerableinterest for two principal
reasons. First, at the present time, this is the only
method by which the effect of exchange correlation on
the response functions of inhomogeneous systems can
be treated. Second, the EDF theory makesit possible to
go beyond the linear response regime, since one can
easily calculate the electron density induced by an

external field of strength € = —%E g (Scisthe area of

the cross section of the unit cell by the plane z= congt):
Pina(r, ) = p(r, @) —p(r, 0). (15

In what follows, we consider the case of fields [€]| <
4.2 x 10° V/m (|q| < 0.03), which are practicable [16]
and, at the same time, satisfy the condition V[p; z, q] =
E-(q), which rules out the presence of artificial states
near theinfinite barrier at sufficiently large z; for nega
tively charged films. The fulfillment of this condition
was checked at each calculation stage.

Figure 2 shows atypical distribution of the induced
electron density over astraight line that isnormal to the
(001) surface of a Cu film and passes through the
nucleus of an atom in the second surface layer. From
Fig. 2 and Table 1, which lists data on the distribution
of the induced charge over different regions of the sur-
facelayer, it is seen that most of the screening chargeis
concentrated in the very thin layer near the film surface
(z = b). The peak of p,4(z, ) is shifted from the last
atomic plane toward the vacuum region by approxi-
mately half the spacing between the atomic planes.
Thisdistribution of the screening charge in a (001) film
of Cuissimilar to that obtained by cal culating the elec-
tron response of the (001) surfacesof Ag[3] and Al [2].
The fraction of g contained in a surface MT sphere is
small, but the polarization of the screening chargein this
region is significant (Fig. 3). We note that calculations
revealed no noticeable polarization of the eectronic
charge in a surface MT sphere in Al [2], but in a metal
with d electrons (Ag), this effect was observed [3].

Frieddl oscillations of the electron density in the
bulk of the crystal are suppressed in the frozen bulk
density model (5) employed in this paper. We estimated
the error associated with this approximation in the jelly
model, according to which, in the bulk of the crystal,
we have [17]

om0 2) = A(Q) COS(ZkFZZz+ @), o]

wherek: = (3rn)¥3and i =0.0125a;° (a, isthe Bohr
radius) is the bulk value for a copper crystal. The coef-
ficients A(g) and a(qg) are determined by matching
Eqg. (16) with the calculated induced electron density at

(16)
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interfaces St and S~. The corresponding distribution for
g = 0.03 is represented by the dashed curve in Fig. 2.
The number of uncompensated electrons outside the
surface region as calculated by Eq. (16) is—3.9 x 107°.
This justifies the approximation in which only one
atomic layer of the surface region is taken into account
inthe case of a(001) film of fcc copper. When electrons
are present in excess (q > 0), the peak of the induced
density distribution (Fig. 2) islower and its shift toward
the vacuum region is larger than in the case of a deficit
of electrons (q < 0). This effect is physically clear and
takes place in both the jelly model [16] and model s tak-
ing the crystal structure into account [2, 3].

However, the magnitude of the shift of the center of
gravity of theinduced charge,

zZ, = j Zping(r, q)dr/ j Ping(r, Q)dr,  (17)

Q+Qy Q +Qy

in the (001) film of fcc copper (Fig. 4), which depends
on the nonlinear response of the electron density, dif-
fers essentially from the jelly model prediction [16]. In
the limit as g — 0, this quantity gives the position of
the image plane z, of the metal, which isinvolved in a
correct asymptotic expression for the exchange-corre-
lation potential given by the EDF theory for a finite
crystal [1, 17]:
. 1
limV[p;r,g=0] = ——; 1
fim VIpirq=0] = == (18)

theimage planeis of primary importance in the physics
of many surface phenomena. In order to decrease the
error when calculating the quantity

0
ZO = Za—q I Zpind(r’ q)drlqzo’ (19)

Q+Qy

we regularize the differentiation, asin [3], by smooth-
ing the cal cul ated z, dependence by the method of |east
squares (Fig. 4). For the distance measured from the
geometrical surface of the crystal, we obtain

Z,=2+20=1.03 +4.03q (au.). (20)
Theerror in determining z, associated with the suppres-
sion of Friedel oscillationsin the film volume Q, can be
estimated from Eqg. (16) and does not exceed 0.01 a.u.
A comparison with the results of other papers is per-
formed in Table 2. The data listed in the “ Jelly model”
column are obtained by linear interpolation of the cal-
culations from the cited papers for the density parame-
tersr/a, =2 and 3to avalue of r/a, = 2.67 correspond-
ing to acopper crystal. The values of z, presented in the
“Experiment” column are model calculations with fit-
ting parameters found from the experimental data (the
energies of states of the Rydberg type) having a direct
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Fig. 3. Variation of the dipolar component of the induced
electron density in a surface MT sphere for q equal to
(2) 0.01 and (2) 0.03.
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Fig. 4. Center of gravity z, of the induced electron density
for the charge g (the distanceis measured rel ative to the geo-
metrical surface of the crystal).

relationship to the position of the image plane. From
Table 2, it is seen that our results lie in the middle
between the jelly mode results and the calculations
based on the fitting parameters.

Table 2. Position of the image plane for (001) Cu (relative
to the geometrical surface of the crystal, in a.u.)

Jelly model Experiment our
(18] | (28] | [29 | (201 | (21 | [22] |celculation
142 | 132 | 143 | 1.35 | 057 | 048 | 1.03
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Fig. 5. Difference in the density of states between the
charged (q = 0.01) and neutral (001) films of Cu.
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Fig. 6. Difference in the local density of states between the
bulk and surface atomic layers of the (001) film of copper
(datafrom [24]).

The coefficient of theterm linear in g in Eq. (20) is
related to the quadratic response of the electron density
p,(r). Indeed, we have

Pind(r, @) = APA(r) +°par) + ..
and, therefore,

(21)

z, =2 Zp,(r)dr.
Q+Qy

According to [23], in the low-frequency limit (W, <
0.1, where w, isthe plasmafrequency in the bulk of the
crystal), we have

1
P2uf?) = —5%5P22) + O(Eo),

(22)

(23)
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where p,(2) is the second-harmonic amplitude of the
electron density in a time-harmonic uniform electric
field of amplitude €, applied perpendicular to the metal
surface. Thus, the coefficient of qin Eq. (20) character-
izes the second-harmonic intensity generated on reflec-
tion of low-frequency electromagnetic waves at the
metal surface. The value of z, calculated in [23] in the
jelly model for r/a; = 3 is 8.14 a.u. Our calculated
value of z, for a (001) film of copper equals 4.03 a.u.,
which is about half as large as the jelly model predic-
tion and differs from the hydrodynamic model result
[23] by afactor of about 100. We note that, when the
electron screening is calculated for the (001) surface of
Ag with alowance made for the crystal structure [3],
thevalue of z, isfound to be about athird aslarge asthe
jelly model result. Thus, it isimportant to take the crys-
tal structure into account when the nonlinear response
istreated theoretically.

Figure 5 shows the dependence of the electron den-
sity of states on the external electrostatic field for a
(001) film of copper. From Fig. 2 and the results of [3],
it followsthat the chargeinduced in ametal by an exter-
nal electrostatic field is a perturbation strongly local-
ized near the surface. Therefore, according to perturba-
tion theory at small values of g, the difference in the
density of states between the electrically neutral and
the charged film (Fig. 5) is most significant for surface
states. This conclusion correlates well with the data
from [24] on the differencein thelocal density of states
between the bulk and surface regions of a (001) film of
copper (Fig. 6), which is additional support for the
results obtained and, on the other hand, suggestsasim-
ple method for determining the energy localization of
surface states.

The Stark shift of surface states lying 1.5 eV below

el (F OE _0E 9q _AE S _
the Fermi level (Fig. 5) equalsa% = 9q0% Dq2n
0.1 a.u., which is of the same order of magnitude asthe
Stark shift of occupied (001) surface states of Agin an

external electrostatic field.
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Study of the Electronic Spectra of Noble Metals
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Abstract—The density of filled electronic states of noble metals (Au, Ag, Cu) below the Fermi level is studied
by low-energy electron backscattering spectroscopy (0-10 €V) by using a specially designed hypocycloidal
electron spectrometer capable of high energy (<50 meV) and angular (~1°-5°) resolution. The features
observed in the electron scattering spectra are established to agree well with the extrema of the theoretically
calculated density-of-states distributions. The results obtained amplify substantialy the information provided
by UV and x-ray photoel ectron spectroscopy. © 2001 MAIK “ Nauka/Interperiodica” .

The energy structure of the valence bands of noble
metals is very complex, and their density of states
exhibits anumber of features. Analysis of the available
literature data shows that high-energy (>100 eV) elec-
trons are hardly suitable to probe the features in the
valence-band structure. Therefore, the information on
the density of states in the valence bands of metals has
thus far been obtained primarily by ultraviolet and
x-ray photoelectron spectroscopy (UPS and XPS,
respectively) with a high angular resolution [1-6]. The
development and use of electron spectrometers capable
of ahigh energy resolution (6-50 meV) offers the pos-
sibility of obtaining more detailed information on the
density-of-states distribution of both filled and empty
bands in metals, aswell as on the density of the surface
states [7, 8]. Bombardment of a surface by low-energy
electrons (particularly near the threshold for inelastic
scattering) results in a strong perturbation of the target
orbitals, and the electron-target potential suffers a
noticeable deformation [9]. This perturbation accounts
for the excitation of the transitions in solids which are
optically forbidden or IR inactive [3, 9] by low-energy
electrons.

The experiments were carried out on ahigh-vacuum
setup with oil-free pumping, which consisted of thefol-
lowing main units; an ultrahigh-vacuum chamber hous-
ing a hypocycloidal electron spectrometer, a goniome-
ter with the samples to be studied, an electron-heated
sample holder and an effusion atom source, a power
supply, and amultichannel system for the primary- and
scattered-electron current measurement. The chamber
was placed inside Helmholtz coils, which produced the
uniform magnetic field necessary for the spectrometer
operation.

The hypocycloidal electron spectrometer designed
by us [10] and shown schematically in Fig. 1 served to
produce a monoenergetic electron beam and to analyze
the elagtically and inelastically scattered electrons. It
consists of two successively placed electron-energy
analyzers, one of which operates as a monochromator
and the other isused to analyze the elastically or inelas-
tically scattered electrons. The spectrometer makes use
of the fact that electrons acted upon by crossed electric
and magnetic fields, besides propagating forward, drift
in a transverse direction, i.e., perpendicular to both E
and H. Note that the magnitude of the drift does not
depend on the electron velocity vector. Therefore, on
passing the crossed analyzer fields, the electrons scat-
tered through 180° are displaced a certain distance
from the primary beam axis. By placing the collector at
this distance, one can detect the elastically backscat-
tered electrons. The detection of the inelastically scat-
tered el ectronsis made possible by the provision of seg-
ment-shaped diagphragms in the analyzer electrodes
[10].

The main characteristics of the spectrometer are as
follows: primary beam current ~10° A, scattered-€lec-
tron current ~10° to 10° A, beam diameter ~0.5 mm,
full width of the electron energy distribution in the beam
~14-20 meV, and the energy resolution ~20-50 meV.
The instrument is unique in that it can operate at very
low energies (practically from zero up), with the pri-
mary electron-beam intensity being practically energy-
independent and the spectrometer transmission being
~95%.

Prior to measurements, the electron spectrometer
and the sampleswere heated at atemperature T ~ 1000—
1300 K in avacuum of 107 Pafor 50-60 h, after which
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the surface was cleaned by high-energy electrons. The
vacuum in the chamber during the measurements was
~1078 Pa. The sample surface cleanness was monitored
by checking for the presence of the fine structure in the
measured relations.

This equipment permitted performing experiments
of the following two types.

(1) Measurement of the energy dependence of elec-
trons scattered elastically through 180°. To do this, one
applies optimum constant potentials to the monochro-
mator and analyzer el ectrodes and measures the current
to collector 15 as a function of the electron energy,
which is determined by the potentia difference between
electrodes 1 (cathode) and 14 (sample) (Fig. 1). Theinci-
dent electron energy is varied from 0 to 10 €V in
0.02-meV steps. Because, as was already mentioned,
the primary beam intensity does not depend on energy,
the opening of the inelastic scattering channels should
become manifest in the form of minima in the energy
dependence of the intensity of elastically scattered
electrons.

(2) Detection of electrons with a constant residual
energy E,, down to practically zero energy. These mea-
surements are done by maintaining a constant potential
difference between analyzer 9 and sample 14 while
varying the incident electron energy. In this case, the
features in the scattering will be seen as maximain the
energy dependences.

The spectrometer operation and the experimental
technique used are described in detail in [10].

This paper reports on testing these techniques for
their applicability to the investigation of the electronic
energy structure in solids. Because the electrons scat-
tered elastically from metal targets are sensitive only to
specific featuresin the density of filled states, we chose
noble metals for our study; their band structure has
been studied most thoroughly, both theoretically and
experimentally [1]. Aswas shownin[4], electronswith
energiesfrom 30 to 200 eV have the smallest mean free
path in solids, whereas for electrons of energy ~1 eV it
can reach 103 A. The latter means that electrons with
energies of 0—10 eV can be used to probe not only the
surface but also the bulk electronic states.

The complexity of the band structure of noble met-
alsisdueto their having two groups of s, p, and d elec-
trons differing strongly in the degree of localization.
Unlikethe sand p electrons, thed electrons are strongly
localized, although more weakly than in free atoms.
Hybridization of the s, p, and d states gives rise to a
superimposition of the localized d states on the broad,
smoothly varying background of the s- and p-state dis-
tribution, which brings about the formation of resonant
d states [1].

For this study, we chose bulk polycrystalline sam-
ples of gold, silver, and copper with their surface pol-
ished to grade 12 perfection.
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Fig. 1. Schematic of the hypocycloida electron-backscat-
tering spectrometer. (1) Indirectly heated oxide cathode; (2)
extraction electrode; (3, 4) input and output selector elec-
trodes, respectively; (5, 6) inner and outer electrodes of the
cylindrical selector capacitor, respectively; (7-9) analyzer
input and output electrodes; (10, 11) inner and outer elec-
trodes of the analyzer cylindrical capacitor, respectively;
(12, 13) spectrometer accelerating electrodes; (14) sample;
(15) collector of backscattered electrons; and (16) primary
¢electron-beam monitoring collector.

Figures 2—4 present elastic scattering spectra and
spectra of constant residual energy obtained in low-
energy electron scattering through 180° from Au, Ag,
and Cu. While, in order to revea featuresin the energy
distribution of scattered electrons, the authors of earlier
papers had to find the first (and, quite frequently, the
second) derivative of the scattered electron intensity
with respect to energy, our technique, as seen from the
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Fig. 2. Vaence-electron energy distribution for gold.
(1) Energy dependence of the el astically backscattered elec-
tron intensity, (2) calculated density-of-states function [11],
(3) experimental valence-band photoel ectron spectrum[12],
and (4) valence-band photoel ectron spectrum obtained with
asynchrotron beam at 10.2-eV exciting photon energy [13].

figures, allows this to be obtained without any addi-
tiona processing of the measured relations.

Gold is one of the best studied noble metals. Photo-
emission spectra[12] (curve 3in Fig. 2) and theoretical

I, arb. units
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Fig. 3. Vaence-electron energy distribution for silver.
(1) Energy dependence of the el astically backscattered elec-
tron intensity, (2) electron backscattering spectrum of con-
stant residual energy E; ~ 0 eV, (3) theoretically calculated
density-of-statesfunction [14], and (4) experimental valence-
band photoel ectron spectrum [15].
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calculations of the density of states [11] (curve 2 in
Fig. 2) reveal two broad maxima in the density of elec-
tronic statesin the valence band at ~3-4 eV and ~6-7 eV,
with the latter maximum, as shown by calculations
[11], being due to the contribution of relativistic interac-
tion effects. Synchrotron radiation was used [ 13] to study
the electron spectra at energies from 10.2 10 90 €V. The
photoel ectron intensity distribution in energy obtained
at a photon energy of 10.2 eV was found to have the
shape of curve 4 in Fig. 2, with a clearly pronounced
fine structure within the O- to 2-eV interval and one
broad maximum from 2.5 to 4.5 eV. As the exciting
photon energy increases, the photoelectron spectrum
deformsstrongly and, at excitation energies above 50 eV,
acquires the shape of curve 3 in Fig. 2. Because we
studied theintensity of elastically scattered electrons at
energies below 10 eV (curve 1in Fig. 2), the feature at
~6.0 eV is only weakly pronounced here. However,
within the 0- to 3-eV interval, the fine structure of the
spectrum is more distinct than that in curve 4. Thiscon-
firms the strong dependence of the matrix elements
determining the electron excitation probability from
filled states below the Fermi level on the energy of
exciting particles in the case of gold. The absence of
featuresin the O- to 2-eV interval in the calculated bulk
density-of-states functions and their presence in photo-
electron spectra at comparatively low exciting-photon

I, arb. units

0 5 10

E, eV
Fig. 4. Vaence-electron energy distribution for copper.
(1) Energy dependence of the el astically backscattered elec-
tron intensity, (2) electron backscattering spectrum of con-
stant residual energy E, ~ 0 eV, (3) theoretically calculated

density-of-statesfunction [1], and (4) experimental valence-
band photoel ectron spectrum [16].
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energies and in the spectra of elastically scattered elec-
trons give one grounds to relate the features in curve 1
located at 0.50, 1.00, and 1.70 eV to surface electronic
states below the Fermi level, excitation from which has
aresonant nature.

The theoretical and experimental photoelectron
spectra of silver are summarized in monograph [1]. By
calculations[14], the density-of-states function and the
photoel ectron spectra of valence-band electrons should
exhibit five maximaat energies4—7 eV below the Fermi
level, with one of them being substantially weaker in
intensity than the other four (curve 3 in Fig. 3). In the
experimental XPS and UPS spectra, one sees only two
maxima, while at energiesfrom 0to 4 eV no fine struc-
turewasfound at all [15] (curve4inFig. 3). Practically
no fine structure is seen in the energy dependence of the
elastically backscattered intensity at 3-8 €V measured
for silver either (curve 1in Fig. 3). At the sametime, the
spectra of constant residual energy of scattered elec-
trons (curve 2in Fig. 3) follow aradically different pat-
tern. These spectra exhibit four clearly pronounced
maxima at 3—7 €V, with their energy positions being in
satisfactory agreement with calculations. The maxima
at energies below 3 eV should be assigned to surface
states lying below the Fermi level.

The valence band in copper is formed by the filled
3d band overlapping with the half-filled 4s and empty
4p bands to produce one partialy filled band, in which
the upper edge of the filled levels lies dlightly lower
than that of the 3d band [17, 18]. Thisiswhat accounts
for the complex valence-band structure of copper [1].
The calculated and UPS and XPS data for the density
of states of valence electrons and photoel ectron spectra
can befoundin[4, 16, 19-21]. Theoretical calculations
suggest that the photoelectron spectra should have
three distinct and two weak maxima (curve 3in Fig. 4).
The experimental x-ray and photoelectron spectra
exhibit only one broad maximum with a very weakly
pronounced fine structure (curve 4 in Fig. 4). Only the
spectra of photoelectrons emitted perpendicular to the
Cu(111) surface have three maxima at photon energies
of ~11 eV and only two maxima at 6-9 eV (see
Fig. 3.57a in [4]). Note that an increase in photon
energy givesrise not only to an increase in the intensity
of the second and third maxima, but also to a noticeable
increasein the separation between all maxima. For cop-
per, unlike gold and silver, a maximum whose position
is independent of the incident photon energy is
observed in the region 0—4 eV below the Fermi level.
This maximum is assigned to the emission of electrons
from surface states. The fine structure of the valence
band obtained in our spectra of elasticaly scattered
electrons (curve 1 in Fig. 4) is less distinct than in the
spectra of constant electron residual energy (curve 2in
Fig. 4). In contrast to UPS and X PS, our spectraof elec-
trons elastically backscattered through 180° exhibit five
features in the 2- to 6-eV interval and their positions
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agree with the calculated maxima in the valence-band
density-of-states function below the Fermi level.
According to [4, 22], the features at 0.60-0.80 eV
should be identified with surface states located below
the Fermi level in the bulk. The features with energies
of ~1.00 and ~1.50 eV are aso apparently of the sur-
face nature, because they are not seen in the calculated
bulk spectra.

The above results permit the following conclusions:
(1) The backscattering spectra of low-energy electrons
are very sensitive to features in the energy distribution
of the density of states in the valence band and can be
employed to study the electron energy spectrum in met-
as. (2) The proposed technique is suitable for probing
not only the surface but also the bulk electronic states
of solids. (3) Low-energy e ectron backscattering spec-
tra yield more complete information on details in the
density of filled states distribution than the UPS and
XPS methods which are currently widely used. This
advantage becomes particularly significant when the
matrix elements determining the excitation probability
depend strongly on the energy of exciting particles.
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Abstract—The evolution of thermomagnetic perturbations in the resistive state of superconductors is consid-
ered. A qualitative pattern of the formation and further development of nonlinear stationary structures that
describe the final stage of thermal and electromagnetic perturbations in a superconductor is investigated. The
wave propagation velocity and the wave front width in a superconductor are estimated. © 2001 MAIK

“ Nauka/Interperiodica” .

Energy dissipation during the motion of vortices
leads to ohmic heating of a superconductor. Asaresult,
a certain region of the superconductor is heated to a
temperature T > T, where T, isthe critical temperature.
An increase in the temperature in a local region of the
sampl e brings about a decrease in the critical current j.
and the emergence of a vortex eectric field E at the
same region.

The effect of superconductivity quenching due to
thermal heating of the vortex lattice has been experi-
mentally studied for along time. Early experiments[1]
revealed that the vortex electric field E isinduced under
ohmic heating in a superconductor through which a
direct current with a density j, flows. According to the
balance between dissipative and nonlinear effects, the
transition to the resistive state is accompanied by the
emergence of various modes of the “switching wave’
type, i.e., the regime of a wave motion that switches a
sample from the superconducting to the normal state.
Examples of these modes can be provided by thermal
waves, namely, a steady-state propagation of a normal
zone [2] or nonlinear thermomagnetic waves [3] in
superconductors.

In this work, we studied the qualitative pattern of
formation and the profile of nonlinear dissipative struc-
tures, i.e., stationary traveling waves which describe
the final stage of the evolution of thermal and electro-
magnetic perturbations in the resistive state of super-
conductors.

The evolution of thermal and electromagnetic per-
turbations in a superconductor is described by the non-
linear one-dimensional heat conduction equation [3]

dr _ d°T
Va—K(—j—X—Z‘FJE, (1)

the Maxwell equation

andj _ d’E
dt gy’ @
and their related equation of the critical state
J = je(T,H) + ] (E), (©)

where v and K are the heat capacity and thermal con-
ductivity coefficients, respectively; and j. and j, are the
densities of the critical and resistive currents, respec-
tively.

The model under consideration is essentially non-
linear, because the right-hand side of Eqg. (1) containsa
term describing the Joule heat generation in the region of
the resistive phase. An exact solution to the essentialy
nonlinear parabolic partia differential equations (1)—(3)
does not exist.

Note that the evolution of perturbations of the tem-
perature T(x, t) and thefields E(x, t) and H(x, t) is deter-
mined by the equation of critical state (3). Because of
considerable analytical difficulties, wewill restrict our-
selves to considering the Bean model [4] and assume
that the critical current density is independent of the
external magnetic field; i.e.,, dj./dH = 0. The depen-
dence j(T) is described by the relationship j(T) = j, —
a(T — Ty), where T, is the initial temperature of the
superconductor and the quantity a = [dj/dT|;-+,
describes the thermally activated weakening of the
Abrikosov vortex pinning by | attice defects. The depen-
dencej(T) intheregion of the electric field E > E; (E;is
the boundary of the linear section in the current—volt-
age characteristic of the superconductor) can be
approximated by apiecewiselinear function j(E) ~ o;E,
where o; is the effective conductivity. The dependence
J(E) isessentially nonlinear in the flux creep region E <
E; [5]. Here, we will consider aperturbation with a suf-
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Fig. 1. Phase portrait of Eq. (10).

Fig. 2. Nonlinear waves of two types.

ficiently high amplitude (E > E;) and use the linear
dependence j,(E).

We seek a solution to the initial set of equations as a
function of the new sdlf-simulated variable g(x, t); that is,

T =0[&(x )], E=E[&(x1)],
H = H[&(x t)]; & = x—vt,
which describes a traveling wave that moves with a
constant velocity v along the x axis[3].

After substitution of relationships (4) into theinitial
set of equations and performing atrivial differentiation,
we obtain the following set of equationsfor the variable

&(x, b):

(4)

dT _ d,dT7, .
—VV-d—E- = dE[KdE}"'JE, (5)
dE _ 4nv.
@&z I (6)
_ v
E = CH. (7)
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The corresponding thermal and el ectrodynamic bound-
ary conditions for Egs. (5)—(7) have the form

dT

T(& —+o) = T,, —(—> —0) = 0,

(& )= To (& ) ©
E(§ — +tw) =0, E(-—>-»)=E.
It should be noted that inclusion of the temperature
dependences of the parameters K and v substantially
complicates analytical calculations of the wave evolu-
tion dynamics that is described by the set of Egs. (5)—
(7). In most cases, changes in the local values of these
parametersin the sample can be considered small com-
pared to the characteristic scale of temperature varia-
tions. Hence, we can take these parameters to be con-
stant. Indeed, theinvestigation reveal ed that the thermal
conductivity almost does not affect the character of the
stationary wave propagation. This stems from the fact
that the thermal flux k(dT/dg) vanishes at stationary
points of the system at § — *co. However, the tem-
perature dependence of the heat capacity should be
taken into account. Such a dependence is represented
asv = vy(T/T,) over awide range of temperatures [5].

By eliminating variables T(x, t) and H(x, t) with the
aid of relationships (5) and (7) and employing the
boundary conditions (8), we obtain a differential equa
tion for the E wave distribution:

2 2 4
d_E_z V_TOV_2|:% E+ C d_ED_1i|
dz E« ¢ aT, 4mavT,dz0
(©)
2
+Btd—E = £ .
dz 2E,

Here, we introduced the following dimensionless
parameters:

,=8& | = CHe _ K
L’ amj, ¢ aL?
vt 410K 2

B= ==, T =
L v K

where L is the depth of the magnetic field penetration
into the sample and t, is the thermal time of the problem.

According to the qualitative theory [6], the equilib-
rium states are found from the condition

2
£
ZWOToé[%‘-‘*iD _1} - E2.

aT,U
An evident property of set (10) isthe absence of closed
curvesthat are fully composed of the phase trajectories
in the phase plane (E, dE/dE). The proof of this state-
ment can be based on the Bendixson criterion [7]. The
number of stationary points (one or three) and their

(10)
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type are determined by the parameter
2
P = 2mvoTo%5. (11)
C
The three equilibrium pointsE =0, E= E;,and E=E,
correspond to the condition P < P, = 1/2 (Fig. 1). There
isonly onesingular point E, =0 at P > P,. The parabola
and the quartic curve in Eq. (10) aretangent at P = P,
i.e., this condition corresponds to the coincidence E; =
E, = E* = 6/7(aT,/oy).
The direct solution of Eq. (10) yields the following
waves:

-P
(1) E,, = EQ1+22(P,-P)"], PP 1;
, O p, O
(12
_ 0fVoV2 _ 120¢VoC
(2) El = 8Tt a g, E2 = (2T[) ?V > El,
P, > P.

Analysis of the phase plane shows that the points E, =
Oand E=E, arestablenodesand that E = E, isasaddle.
In addition to the separatrix E;E,, set (10) has the sep-
aratrix E;E, connecting the points E; and E, (Fig. 2).
This means that two types of waves with amplitudes
AE = E; and E, — E; can exist in the superconductor.
Evidently, wave 1 has an amplitude of the order E, at
P — P,; itsvelocity is determined by equality (10) at
E = E;. Equation (10) has two stationary pointsat P <
P Eo,=0isastable node and E; = 2B%TE, isasaddle.
The separatrix that connects these two equilibrium
states corresponds to a “ difference” -type solution with
amplitude E,, which is related to the wave velocity ve
and the wave front width Az by thefollowing equations:

_ L Ee 1/2
Ve = tK[ZTEJ ’ (13
1+ 1[E Y2
Az = 16-———[——} . 14
7 | E, (14)
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Wave 2 hasasmall amplitudeat P — Py,
AEE = 44(P,—P)"* < 1, (15)
k

and its velocity is inversely proportional to the ampli-
tude at P < P,. Such an exotic dependence of vg on
AE = E, most likely means that the waves of this type
are unstable. Note that observation of the second-type
waves becomes possible in finite-sized samples with
asymmetric boundary conditions.

In conclusion, it should be noted that the above
investigations prove the possibility of applying the
results obtained to high-temperature superconductors
cooled to liquid-nitrogen temperatures (T = 77 K), pro-
viding that the values of the physical parameters of the
sample are known.

REFERENCES

1. V. A. Al'tov, V. B. Zenkevich, M. G. Kremlev, and
V. V. Sychev, Stabilization of Superconducting Magnetic
Systems (Energoatomizdat, Moscow, 1984).

2. A.V.Gurevichand R. G. Mints, Heat Autowavesin Nor-
mal Metals and Superconductors (Nauka, Moscow,
1987).

3. I. L. Maksimov, Yu. N. Mastakov, and N. A. Tailanov,
Fiz. Tverd. Tela (Leningrad) 28 (8), 2323 (1986) [Sov.
Phys. Solid State 28, 1300 (1986)].

4. C. P, Bean, Phys. Rev. Lett. 8 (6), 250 (1962).

5. R.G. MintsandA. L. Rakhmanov, Instabilitiesin Super-
conductors (Nauka, Moscow, 1984).

6. V. I. Karpman, Non-Linear Waves in Dispersive Media
(Nauka, Moscow, 1973; Pergamon, Oxford, 1975).

7. A.A.Andronov, A. A. Vitt, and S. E. Khaikin, Theory of
Oscillators (Nauka, Moscow, 1981; Pergamon, Oxford,
1966).

Translated by M. Lebedkin



Physics of the Solid State, Vol. 43, No. 3, 2001, pp. 416-419. Translated from Fizika Tverdogo Tela, \Vol. 43, No. 3, 2001, pp. 399-402.
Original Russian Text Copyright © 2001 by Korshunov, Ovchinnikov.

METALS

AND SUPERCONDUCTORS

The Effective Hamiltonian of the Singlet—Triplet M odel
for Copper Oxides

M. M. Korshunov* and S. G. Ovchinnikov**
* Krasnoyarsk State University, Krasnoyarsk, 660062 Russia
e-mail: kite ent co@xoommail.com
** Kirenskii I nstitute of Physics, Sberian Division, Russian Academy of Sciences,
Akademgorodok, Krasnoyar sk, 660036 Russia
e-mail: sgo@post.krascience.rssi.ru
Received June 20, 2000

Abstract—The effective Hamiltonian for arealistic multiband p—d model is devel oped. In the case of electron
doping, the Hamiltonian coincides with that for the standard t—J model. For hole doping, the singlet-triplet t—
J model takes place. © 2001 MAIK “ Nauka/Interperiodica” .

In recent years, more and more attention has been
paid to investigations of the electronic structure and
properties of systems with strong electron correlations
(SEC), as an understanding of the processes occurring
inthese systemsisthe key in the explanation of the phe-
nomenon of high-temperature superconductivity
(HTSC). It iswidely believed that the most interesting
in this respect is the consideration of a CuO, layer, as
such high values of the critical temperatures T, of com-
pounds containing this layer are most likely to be due
to the presence of this layer and to the transformation
of the electronic structure in it caused by doping. One
of the problems appearing here is to construct an ade-
guate model which will makeit possible to describe the
main HTSC properties completely enough.

The aim of thiswork isto find the effective Hamil-
tonian for the multiband p—d model [1] in the case of
the presence of two-particle singlet and triplet statesin
the system in addition to the one-particle states. It is
shown that this singlet-triplet model is asymmetric
with respect to electron and hole doping.

The single-band Hubbard model [2] is one of the
simplest models describing, at the same time, the main
low-energy properties of the systems with SEC. How-
ever, the chemical composition of copper oxides canin
no way be taken into account in this model. This draw-
back was partly eliminated in the three-band p-d
model, which is a generalization of the Hubbard model
for the CuO, layer [3]. A lot of spectra methods with
high excitation energies, such as x-ray spectroscopy
and x-ray el ectron spectroscopy, have been describedin
the framework of this model.

There are some essential points that still remain
unclear. One point isthe difference in behavior between
the electron- and hole-doped systems. The issueis that

aspin exciton, associated with singlet—triplet excitation
of the two-hole term, is created in the hole-doped sys-
tems. This excitation is absent in the electron-doped
systems [4]. Another fact which isignored by the three-

band model is the nonzero occupancy of d . orbitals,
which is evident from experiments on the polarization
dependence of Cul; x-ray absorption spectra [5]. The
correlation between the T. and the occupancy of d .
orbitals was also detected there. Taking this into
account, it can be stated that a more realistic model of
the CuO, layer must involve dxz_yz and d . orbitals of
copper, aswell as p, and p, orbitals of each oxygenion.
When considering the systems which involve the apical
oxygen, it is necessary to account for the p, orbital of

oxygen. A similar model was proposed in [1], the
Hamiltonian of which has the form

Hp—d = ZHd(r) + ZHp(I)

+ Z de(r I) + Z pr(l J)

0, jo

(D)

where

. Ui o o
(r) - Z|:8)\d)\r0d)\ro+7)\n;‘\rngr
Ao

U 4
- Z DJ)\)\ d)\rcd)\rod)\rod)\ro ngg ngrngrDi|v
[
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. Up o G
Hp(l) = z|:€ pmopmo 2 = NaiNgi

a,o

- Z D](m pmcp(xlc palo Paiic — Zng nglngIDi|

. d o'
de(r, I) = Z ((t)?u pglod}\rc +H.c ) + Va)\n(xln)\r)!

a,A, 0,0

pr(i’ J) = z (tggp;mp[}]o-"H-C-)-

a,B,o

Here, r and i are sites of copper and oxygen; A =
{dxz_yz, d.} anda ={p,, p,, p} areorbital indicesfor

agiven site of copper and oxygen, respectively; € and
€P arethe energies of dxz_yz and d> holeson copper and

of the p,, p,, p, States of oxygen, measured from the
level of the chemical potential p; U® and UP are the on-
site Coulomb interactions; t™ is the transfer integral
between the nearest neighbors of copper and oxygen;
tPP isthe oxygen—oxygen transfer integral; V94, VPP, and
VP are the interatomic Coulomb interactions; and J%
and J®? are the exchange interaction integrals.

As can be seen, the Hamiltonian (1) accountsfor all
the main types of the relevant interactions in copper
oxides. The simplest calculation in thismodel has been
donefor CuQ, [4] and CuO, clusters[6] by the precise-
diagonalization method. It has been shown that the
energy difference between the two-particle singlet *Ay4
and triplet *B,g is intimately related to the involvement

of the dzz orbitals. With this orbital neglected, it turns

out that the triplet with energy €, lies above the singlet
with energy €,5 by an amount of the order of 2 €V and,
therefore, can be ignored in a low-energy description,
which leads to the three-band model. However, as the
energy of the d . orbitals approaches the energy of the

dxz_yz orbitals, the singlettriplet splitting decreases,

and, at certain values of the parameters, the crossover
of the singlet and triplet occurs. A similar result was
obtained for the CuQg cluster by the self-consistent-
field method [ 7] and also by the perturbation theory [8].
This gives reason for a thorough investigation of the
processes associated with the presence of not only the
two-particle singlet in the system but also the triplet.

For copper oxides and, particularly, a CuO, layer, the
CuQq cluster is the unit cdl they have in common. This
cell was considered in [9], where by using the cluster
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perturbation theory first stated in [10] the following
Hamiltonian was obtained on the basis of Eq. (1):

z @12 X§% + £6X7 + 82tz XIMIM

+ Z [EXTOX57 + 20105 (XTOXI° + X7 X5°)
Of,gdo
+ XX + Z
0f,g0o
x(oﬁxgto_xgﬂo)_'_ Z taflg
Of,gdo
x [(O/2X7° = X70) (= vXyT + 20y, X ") + H.c.].

(02X X7 @

Here, the energies €4, €, and €, arerelated to the level
of the chemical potential P and superscripts 0, & and b
onthetransfer integral t;, indicate the appearance of the
quasiparticleinthe Iower (0), the upper singlet (b), and
in the upper triplet (a) Hubbard bands.

In this case, the local basis is constituted by the
functions which correspond to the no-hole and one-
holeterms, namely, |0Cfor n,=0and [cCE{|10 |1 [ for
n, = 1, and also to the two-hole terms with the singlet
state (S) |2C= |1, tOand thetriplet state (t) [tMC= { |tOC)
[t200]|t20 3.

For this basis, the condition of its completeness is
written as

X+ S X7 XS XM = ©)
M

Using the Hamiltonian (2) as the original one, we can
obtain an effective Hamiltonian of the singlet—triplet
model by excluding the interband (between the lower
and upper Hubbard bands) transitions from it. For this
purpose, we use the method proposed in [11].

First, we define projection operators P; and P,

4
P, = PEyYXn @
= 0

0 N
O¢° + 5 XX
0 £ m

The operator P, can be determined from the condition
for completeness of the basis of the projection opera-
tors

P2 = 1_P1 (5)

Itisclear that P, and P, follow the rule for multiplica-
tion of projection operators

Pm = 6mnPn- (6)
L eft and right multiplications of the Hamiltonian (2) by
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the operators P, yield the following four relationships:
PHP, = &3 X7+ tX7OX5°, )

i,o 0,j0o
PHP, = 5 [20t)° X7 °X°
D,jDG (8)

—th}b(cﬁxim _ Xicyt20) X?O] ,

P,HP; = (P,HP,)", 9)

P.HP. = O ss B bb, S5 \,0S

oFP, = z[tzsxi +€2tzxi U+ z G X X
O M 0 2%

+ z t?g(o_ﬁxitOE _ X}ch)(cﬁx?to_ X?IZO')
tiBe (10)

5y 2220y, [ X7 (0,/2X7° = X7%%) + H.c.].
0,j0o

As can be seen from the above relationships, P,HP, and
P,HP, describe the processes in the lower and upper
Hubbard bands, respectively. The interband transitions
are described by the terms P;HP, and P,HP;.

The interband transitions may be further excluded
by using an operator method of the perturbation theory.
We present the Hamiltonian in the form

H, = H' +nH", (12)

where H' = P;HP, + P,HP,, H" = P;HP, + P,HP,, and
n isaforma parameter (we ultimately put it equal to
unity). The essence of this method is in the following:
applying the canonical transformation

H = exp(-inF)Hexp(inF), (12)
we can choose the operator F such that the terms of the

Hamiltonian H that are linear in n, namely, the terms
responsible for the interband transitions, will be equal
to zero.

As can be readily shown, the requirement imposed
brings about the following equation for the operator F:

H"+i[H' F] = 0. (13)
Then, H isdefined as
A= A =1) = H+3i[H", F. (14)

Omitting the solutions of Egs. (13) and (14) pre-
sented in [11], we obtain as a result

A = P,HP, + P,HP, = —[P,HP,, P,HP,], (15
Ect
Cl

where E, = [P,HP,[ - [P;HP;[Jis the charge-transfer
energy between the lower and upper Hubbard bands.
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When studying the low-energy processes, one can
consider the processes in the lower and upper Hubbard
bands separately, because there is an appreciable
energy gap (24 eV) between them.

For the systems with electron doping (n-type sys-
tems), the Fermi level €. is situated in the lower Hub-
bard band. In this case, the influence of the upper band
can beignored resulting in the common t—J model (see,
e.g., [11, 12]). The corresponding Hamiltonian has the
form

Ho = SeX+ § rxx°
g D,JZDO'

(16)
1 .0
0,j0o
with J;; being the exchange integral
)’
Ji = 4—=L=. 17
] ECt ( )

It has also been accounted for that

SS, -%ninj = %Z(x?"’x?"—x?"x?"’).
o

For the systems with hole doping (p-type systems), the
€ isSituated in the upper band. In this case, we have a
model which takes into account the transitions involv-
ing the two-particle singlet and triplet. We shall further
refer to this model as the singlet—triplet model.

By applying the commutation relations for the Hub-
bard operators and omitting the three-center terms, we
find the Hamiltonian of the singlet—triplet model in the
form

H = Ho+H, +H,, (18)

where H; is the kinetic part of the Hamiltonian and H,
is the term involving all processes associated with the
exchange interaction.

In an explicit form, these terms are written as

H. = Z% ZXGG"'E XSS+£ ZXtM’[M%
0o~ i 2SN 2 i

i Dl 4 1 1 t C I D

bb\,SG+,0S
H, = z XX
0,j0Jo

+ Z t?g(oﬁxitOB _ X:Zoc)(cﬁxfto _ X?tZO)

0,j0o
5y 5220y, [ X7 (04/2X70 = XT%) + H.c ],
0,j0o
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Abstract—The spatial ordering of chargesin mixed-valence systemsis considered. The dependence of the cor-
relation sphere radius on the iron impurity content is obtained from the balance equation for the d holes and
neutral centersin the short-range order cluster of aFe®* ion. The penetrating hard sphere model is proposed for
the rigorous description of the spatial ordering in mixed-valence systems and the calculation of correlation

functions. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Experimental investigations of HgSe : Fe crystals
(seereviews [1, 2]) showed that the anomalous depen-
dences of kinetic characteristics, such as the conductiv-
ity [3, 4], thermopower [5], longitudinal and transverse
Nernst—Ettingshausen effects [6-9], and others, on the
iron impurity concentration ng, and the temperature T
are determined by the specific features of electron scat-
tering by a spatialy correlated system of mixed-
valence iron ions. The study of spatia ordering is of
considerable importance for the interpretation of the
unusual physical properties and other mixed-valence
systems [1-12].

CrystalsHgSe : Fe are convenient model objects for
investigating the role of interimpurity Coulomb corre-
lations in mixed-valence systems. In these crystals, the
mixed-valence Fe**—Fe?* state is formed at concentra-
tions N, > n* = 4.5 x 10'® cm™ when the Fermi level
reachestheiron d level (¢;=0.21 V) and isfixed at it.
[1]. A further increasein the iron impurity content does
not affect the concentration of Fe** ions (n, = n*) and
leads only to an increase in the concentration of Fe**
ions which are neutral in the lattice (ng = N — N,). In
the system of Fe?* and Fe** ions with the same energy,
positive charges on iron ions (d holes) can be redistrib-
uted over lattice sites occupied by iron ions. Therefore,
the Coulomb repulsion between d holes in mixed-
valence systems results in spatia correlations in their
arrangement: the higher the iron impurity concentra-
tion ng,, thelarger the number of free sitesfor theredis-
tribution of d holes and the higher the degree of order-
ing of the correlated system of Fe* ions. The spatial
ordering of Fe* ions brings about a change in the char-
acter of electron scattering by the correlated system of
Fe** ionsand in low-temperature anomalies of the ther-
mogalvanomagnetic effectsin HgSe : Fe crystals[2-9].

The changein the Coulomb energy with an increase
in the degree of ordering of d holes was analyzed in
[13]. It was proved that the Coulomb repulsion prima-
rily results in an increase in the distance between the
closest spaced d holes, which provides the maximum
gain in the free energy. Hence, a correlation sphere of
radiusr, isformed around each Fe* ion. This sphereis
free of other d holes. These holes pass into a spherical
layer intheregionr. <r <r,, wherer, isthe radius of
the first coordination sphere for a perfect face-centered
close packing of Fe** ions (for the Coulomb repulsion,
the face-centered close packing possesses the mini-
mum free energy). Thisredistribution of chargesin sys-
tems of mixed-valence iron ions furnishes a means for
approximating the system of Fe* ions by a system of
hard spheres with the diameter d =r. In the framework
of this model, Fe** ions cannot be separated by dis-
tancesless than the hard sphere diameter. The degree of
ordering in the hard sphere system is determined by the
packing parameter n = (T, d?)/6, which is equal to the
ratio between the volume occupied by hard spheres and
the total volume of the system.

In order to describe the spatial ordering of Fe** ions,
Wilamowski et al. [14] proposed the short-range corre-
lation model (SRCMI) which is based on the approxi-
mation of the pair correlation function by a step func-
tion. As was shown in [3], the SRCMI variant of the
short-range correlation model is limited by weak inter-
impurity correlations. Another variant of the short-
range correlation model (SRCMII), which is valid for
arbitrary magnitudes of Coulomb correlations in the
system of Fe** ions, was proposed in [3]. The latter
model made it possible to calculate quantitatively the
dependence of the electron maobility p(ng) over awide
range of iron concentrations. The calculated depen-
dence of the mobility was in good agreement with the
experimental data. This allowed the authors to deter-
mine the empirical dependence of the packing parame-
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ter [the correlation sphere radius ry(ng)] on the iron
impurity content. The SRCMII model was substanti-
ated in [13, 15].

Within the same model, the spatial ordering of Fe**
ionsin the mixed-valence system of HgSe : Fe crystals
was treated in [16]. However, consideration was given
to a nonaveraged short-range order cluster at ny < n,
when the value of r(ng) is limited by the number of
free sitesny in the spherical layer r. <r <r,. The depen-
dence of the correlation sphere radius on the iron impu-
rity content, which was obtained in [16], turned out to
be considerably weaker than those derived in[2, 3, 17].
Reasoning from this discrepancy, the author of [16]
concluded that the results of calculations carried out in
[2, 3, 17] areinvalid. In fact, the situation is quite the
opposite. Only one configuration of the short-range
order cluster out of an infinitely large number of possi-
ble configurations was taken into account in analysis of
the spatial ordering in the system of mixed-valenceiron
ionsin [16]. Below, it will be shown that the statistical
weight of this configuration in the formation of the cor-
relation sphere is equal to zero. In Section 2, we con-
sider the balance equation for the d holes and neutral
centers that participate in the formation of the correla-
tion sphere and obtain the dependence of the correla
tion sphere radius ry(ngy). It is shown the Coulomb
repulsion of positive charges on iron ions leads to the
correlated arrangement of neutral centers with respect
to charged centers. Contrary to the inference made in
[16], thisisresponsible for the interference scattering of
electrons. In this case, the reciprocal of the electron
relaxation time is not an additive sum of contributions
from neutral and charged centers. The method for cal cu-
lating the partia distribution functions for a system of
mixed-valence ions within the penetrating hard sphere
model is proposed in Section 3. In Section 4, we discuss
the dependence of the electron mobility p(ng) in the
framework of both the model proposed in our earlier
works[3, 13, 17] and the concepts advanced in [16].

2. MODEL DESCRIPTION
OF SPATIAL ORDERING IN A SYSTEM
OF MIXED-VALENCE IRON IONS

Let us consider the spatial ordering in the system of
mixed-valence ions in HgSe : Fe crystals. Assume that
iron ions with the concentration ng, > n, (n, isthe con-
centration of Fe** ions or d holes) are randomly distrib-
uted over lattice sites. In the absence of the Coulomb
repulsion between d holes, the subsystems of charged
and neutral centers are spatially distributed in a chaotic
way. These subsystems can be treated as statistically
independent. It is assumed that the temperature T is
equal to 0, and vacant (Fe**) and filled (Fe?*) d states of
iron impurities have the same energy. At t = —o, we adi-
abatically slowly switch on the Coulomb repulsion

U@ = ZU exp(—et)U(R ;)] between d holes, which
can be redistributed over randomly arranged Fe?* sites.
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At the instant t = O (in the presence of the Coulomb
repulsion), a correlation sphere of radius r is formed
around each Fe* ion. This sphere does not contain
other d holes, which passinto the spherical layer region
that corresponds to the first peak in the pair correlation
function g(r) ([13, Fig. 1]). Therefore, the dependence
r{(Nge) should be found from the balance equation for d
holesand neutral centersthat participatein thetransfers
between the correlation sphere and the spherical layer.

Another scheme for determining the r(nz;) depen-
dencewas proposed in [16]. The probability W(n,, r., ry)
of finding an ironimpurity for which the nearest d holes
are located in the spherical layer r, <r <r, wasintro-
duced. It was assumed that the concentration n, of d
holes can be represented in terms of this probability

n, = NgW(n,, rg,ry). (D)

It was argued that the probability of a correlated
arrangement of particles\W(n,, r., r;) can be determined
by considering a random distribution of particles in the
system of mixed-valence iron ions (in the absence of
Coulomb repulsion between d holes). The praobability
W, that the subsystem composed of N particles occupy-
ing the volume V will be found in the system comprised
of N, particles filling the volume V, can be obtained
using the combinatorics [18]

No! \Y; V flo-N
T it A AR

According to [16], substitution of N=0, V=V, V, =
V4, and Ny = n,V; (where V; is the volume of the first
coordination sphere) into relationship (2) gives the
sought probability W(n,, r, ;)

Wy =

Yo" @

W(n+! rC! rl) Vl 1

= WO =
where W, is the probability that no d holes occur in the
volume V, at a random distribution of particles. The

basic eguation of the theory developed in [16] is
derived from formulas (1) and (3)

1
nVe _ NV g™
5 8 {1 el [ @

n(NFe) =

First and foremost, we note that N and N, in relationship
(2) areintegers [18], whereas N, in formula (3) isafrac-
tion: No= Ny =n,V; =5.92, where N; = zz‘; oNWyis
the mean number of particles in the volume V;. An
interesting situation arises when calculating the mean
number of particles N in the correlation sphere V,
with the use of formula (2) under the assumption that
No= N; =5.92: N¢ = zmlzoNWN(Vc, Vy). Inthis case,

thevalue of N = n,V, can be obtained only at V, —~ 0



Fig. 1. A scheme for spatia redistribution of d holes at dif-
ferent fillings of a short-range order cluster. Circlesare neu-
tral centers, and crosses are charged centers.

and N, = [ N1 ]. These misunderstandings are associ ated
with introducing the notions of the density and the
mean number of particles for the microscopic volumes
V. and V;. The point is that, according to [18], V, and
Ny in formula (2) are macroscopic quantities (the total
volume and the number of particlesin it), for which it
is possible to introduce the mean number of particles

N = nV in the volume V. However, the probability Wy,
of finding N particles in the volume V at a specified

value of N should be defined by the Poisson formula
(see[18, formula (114.3)])

N"exp(-N
_ exl\ﬁ)!( ). )

Then, W, = exp(—,V,), and, from formula (3) derived
in [16], we have
nv. 1 No[ ]
3 éln %L * n,0

Atng/n, < 1, it follows from relationship (44) [as from
relationship (4)] that N(Ng) ~ 1/8ny/n,. However, at
Ny > n,, the packing parameter increases infinitely,
whereas, according to the initial assumptions [16], the
subsystem of d holes at ny/n, —= o forms a Wigner
crystal with a cubic structure and N(Ngo) < 0.74. These
contradictions indicate that formula (3) derived in [16]
isincorrect and gives no way of determining ther (Ng)
dependence. Below, we will show that the sole config-
uration with zero filling W, of the short-range order
cluster, which was taken into consideration in [16],
remains unchanged upon switching-on of the Coulomb
repulsion between d holes and does not contribute to
the formation of correlation spheres for the subsystem
of charged centers.

For this purpose, we now analyze the balance of d

holes and neutral centersthat participatein thetransfers
between the correlation sphere of radius r, and the

Wy

(48)

N(Nge) =
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spherical layer r. <r <r, upon switching-on of the Cou-
lomb repulsion between d holes. Let us draw the corre-
lation sphere of radius r. around each Fe** ion and

determine the mean number N, of d holes in the vol-
ume V, and also the mean number of vacant sites (neu-

tral centers) Ny for their redistribution in the spherical

layer V, —V, = (4103)(rS —r2) at theinstant t = —o. At
ny < n,, the volume of the correlation sphereis limited
from above by the number of vacant sites in the spher-
ical layerr.<r <r;. Inthiscase, att =0, d holesfill al
the vacant sites in the spherical layer (the lattice sites
occupied by Fe?* ions). Therefore, the mean value of
V.(ng) at the given concentrations ng,, N, and ny can be

found from the equality N = No. A scheme for this
redistribution at different fillings of the short-range
order cluster isdisplayedin Fig. 1. Ascan be seen from
Fig. 1, the configuration with N, = O remains unaltered
after the switching-on of the Coulomb repulsion
between d holes, and hence, its contribution to the bal-
ance equation will be equal to zero. According to [16],
the probability W(n,, r., r;) involves such configura-
tions of the short-range order cluster in which a neutral
ion Fe?* is located at the center of the correlation
sphere. It isclear that these configurations are nonphys-
ical—they are unstable with respect to the switching-on
of the Coulomb repulsion between d holes and should
be excluded from consideration. Their inclusion leads
to thefact that the probability W(n,, r., r,) tendsto zero
when the concentration of neutral centerstendsto infin-
ity (ng — ) and the system of positive charges on
iron ions tends to the maximum degree of ordering (in
[16], thisis aWigner crystal with a cubic structure).
Unlike[16], wetake thetotal volume of the system as
the volume V, and Ny = neV,, where ng, > 5 x 10%8 3,
Then, the Poisson formula (5) can be used for the prob-
ability of different fillings of the correlation sphere V..

Since Z: o NeWy = N = n,V,, for the mean num-

ber of d holes that leave the correlation sphere by the
timet =0, weobtainthesameresult asin[13]. Inasim-
ilar manner, it can be demonstrated that the mean num-

ber of vacant sites Ny in the spherical layer is defined
as

No = zo,\‘oozol\loWN0 = no(V1—Vo). (6)

From the equality N. = No, with due regard for r, = d,
wefind at ny<n,

n,Vv 1 DnOD Dn0D
Ne) = eve = 2aN,HR0< g 7400
N(Nge) ) g™ "1h_ 0 Che ™

AN, = n,V,.

These expressions alow for the fact that AN, for the
face-centered close packing is approximately equa to
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5.92. Out of 12 atoms that form the first coordination
sphere, only 5.92 atoms leave the region withr <r,. In
the framework of the proposed scheme, it is possible to
treat the problem rigorously at low concentrations of

neutral centersn, < n,. Inthiscase, Ne < 1 and Np < 1,
and, hence, we can restrict our consideration to the only
configuration with N, = 1. Then, from the equality

Neexp(—Nc) = Noexp(-No), (8)

by expanding the exponents into a seriesin terms of a
small parameter, we again have relationship (7). Thus,
the obtained dependence of the packing parameter on
the iron impurity concentration is identical to that
derived in the work [13], in which analysis was per-
formed for the averaged short-range order cluster.

In analysis of the spatial ordering of d holes in the
system of mixed-valence iron ions, the author of [16]
used a number of physically incorrect assumptions.
First, in the probability W(n,, r., r;), he included non-
physical configurations of the short-range order cluster,
inwhich aFe?* ion neutral inthelatticeislocated at the
center of the correlation sphere. Second, he accounted
for the sole configuration W, of a random distribution
of d holes (whose statistical weight in the formation of
the correlation sphereis equal to zero) and equated it to
the probability W(n,, r., ;). Hence, the basic equation
of the theory proposed in [16] is incorrect. The depen-
dence of the packing parameter at n, < n, is approxi-
mately described by relationship (7). Our result agrees
with the empirical equation obtained for the packing
parameter in [3]. It should be noted that further reason-
ing in [16] about the estimate of the packing parameter,
the effect of fluctuations on the correlation sphere
radius, and the width of the peak of the first coordina
tion sphere start from fal se assumptions which are sup-
ported neither by experimental data nor by theoretical
calculations.

A superficial approach to the complex problem of
the spatial ordering in the system of mixed-valenceiron
ions led the author of [16] to the categorical conclusion
that the interference electron scattering by charged and
neutral centersin the system of mixed-valenceironions
isabsent. Unfortunately, any mathematical calculations
that confirm thisinference are absent in [16]. We do not
intend to dispute the well-known fact that the structure
factor is S,5(q) = 0 and the interference el ectron scatter-
ing by neutral and charged centers is absent for aran-
dom distribution of ions in mixed-valence systems.
However, the distribution of neutral centers (Fe?* ions)
in the mixed-valence system is not random [17]. Since
d holes and neutral centers can only exchange places
with each other, the sites of d holes in the correlation
sphere will be occupied by neutral centers. Therefore,
the local concentration of d holes in the correlation
sphere is equal to zero and the concentration of neutral
centersis determined by the total concentration of iron
impurities (Fig. 2). In the region of the peak that corre-
sponds to the first coordination sphere, at n, < n,, the
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Fig. 2. A scheme for spatia redistripution of d holesin a
short-range order cluster for one Fe** ion. Ngg(r), Ny (1),
and N,o(r) aretheradial distribution functions of ironimpu-
rities, d holes, and neutral centers, respectively, for a ran-
dom system (dashed lines) and a correlated mixed-valence
Fe3*—Fe?* system (solid lines). g,.(r) and g,q(r) are the
pair correlation functions.

situation is the reverse: the concentration of neutral
centersisequal to zero, and the concentration of d holes
is determined by the total concentration of iron impuri-
ties. As aresult, the function g,,(r) that describes cor-
relations in the system of charged centers (++) and the
function g,(r) that includes correlations in the system
(+0) substantiadly deviate from unity, which corre-
sponds to a chaotic distribution of particlesin the short-
range order cluster.

Figure 2 shows a scheme for the redistribution of d
holes and neutral centers in the averaged short-range
order cluster for one Fe** ion. Inthiscaseg, it is possible
to introduce the partial radial distribution functions
Nyp(r) = 41r2Ngg,p(r) [17]. The quantity Ng(r)dr gives
the number of particles of the 3(0+) sortin tI?\e spherical
layer fromr tor + dr when a particle of the a(0+) sort
is placed at the origin of the coordinates. For a chaotic
distribution of particles, gqs(r) = 1 and the number of
particlesin the volume V, is equal to the product of the
concentration by volume. As is seen from Fig. 2, the
region V, in which the local concentration of neutral
centers at ny < n, can appreciably exceed n, isformed
near each charged center. Consequently, it can be stated
that the Coulomb repulsion between d holes brings
about an efficient attraction of neutral and charged cen-
ters. Thus, the Coulomb repulsion between d holes in
the system of mixed-valence iron impurities results not
only inthe spatia ordering of charged centers (Fe** ions)
but dso in the correlated arrangement of neutral centers
with respect to charged centers. Therefore, the redistri-



424

bution of chargesin the mixed-valence Fe**—Fe?* system
leads to the interference scattering and can considerably
affect the kinetic characteristics of HgSe : Fe crystals.

3. PARTIAL DISTRIBUTION FUNCTIONS
FOR A MIXED-VALENCE SYSTEM
WITHIN THE PENETRATING
HARD SPHERE MODEL

In order to describe rigorously the spatial ordering
of ions in the mixed-valence Fe**—Fe** system, it is
necessary to introduce four partial correlation functions
Jop(R12), Which characterize the probability of finding an
ion of the a (0, +) sort at the point r, when an ion of the
B(0, +) sortislocated at thepointr, (where R, =1, —r>).
It is unlikely that first-principles calculations of the
Jup(Ry2) functions with the use of Bogoliubov—Born—
Green—Kirkwood-Y von-like chains of equations can
be applied to this system, because an equation for the
fourth-order correlation function gue(ry, o rs ra)
should be uncoupled to obtain physically reasonable
results even for single-component systems[19]. There-
fore, in the present work, asin [3, 17], the gyg(r) func-
tions will be determined using a set of the Ornstein—
Zernike eguations and the Percus-Yevick approxima-
tion. The results obtained within this approximation are
in good agreement with Monte Carlo and molecular
dynamics calculations. This approach was successfully
applied to the calculation of thermodynamic and
kinetic propertiesfor liquid metals and alloys[19]. The
set of the Ornstein—Zernike equations relates the total
correlation functions hyg = gog — 1 to the direct correla-
tion functions cqg

Nap(r12) = Cop(riz) + Z nyIdracaB(rla)hap(rsz)- 9)

y=+0

The Percus-Yevick approximation enables us to close
the set of the Ornstein—Zernike equations by expressing
the c,g(r) functions (which describe direct correlations
between particles) through the pair correlation func-
tions

Cap(r12) = {1—exp(Uqup(ri2)/KT)} dqp(rs), (10)

where Ug(ry,) is the interaction potential of the a and
B ionslocated at the pointsr, and r 1, respectively. Sub-
stitution of relationship (10) into formula (9) gives the
set of nonlinear integral equationswhose rigorous solu-
tion was obtained only for a model system of a hard
sphere mixture [20].

Before proceeding to the solution of the problem,
we note a number of aspects which are determined by
the specific features of the mixed-valence system.

(i) Iron impurity ions replace Hg?* ionsin the lattice
sites, and their distribution over the sites as awhole is
random. Therefore, there exists the minimum distance
ARin ~ @ (Where ay = 6.2 x 1078 cm is the lattice con-
stant) between iron ions. Taking into account Coulomb
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correlations of iron ions at the temperature of sample
preparation T ~ 10° K, we obtain AR, ~ 10~ cm.

(i) An important circumstance simplifying the
problem is the fact that not all the g,(r) functions are
independent. If anironion occupiestﬁlea site, thisisa
Fe?* ion with the probability x, = nyng, or a Fe** ion
with the probability x, = n,/n. Since the total proba-
bility of finding either the Fe?* ion or the Fe** ion at the
given distancer from the considered ion of thea sortis
equal to the probability of finding the ironimpurity, the
partial functions g,s(r) obey the identities [19]

n, No
X == X ==,
Fe

Nee’
X0+ (F) * XoGoo(r) = G(F), (11)

X++X0 = 1; go+(r) = g+0(r)’

where G(r) isthe pair correlation function of the distri-
bution of iron impurity ions. By ignoring the occur-
rence of the minimum distance between iron impurity
ions (Jr| > AR,n), the function G(r) can be taken equal
to unity due to arandom distribution of iron ions over
the lattice sites. When the condition |r| > AR, is taken
into account, the system of iron impurities can be
approximated by a system of hard spheres with the
diameter d; = AR, and the packing parameter n; =

(mped? )/6. Inthiscase, the G(r) function is determined

from the solution of the Ornstein—Zernike equation for
a single-component system of hard spheres [21]

Hi(r) = c(r) + nFeIdr'Cf(rl)Hf(lr -r).

Thisequation was solved in [21]. The direct correlation
function has the form

X4 Gus(r) + XoGuolr) = G(r),

(12)

o+ Bp +yp°, =r/d, <1
—C(p) - ED Bp> 1yp p f
L (13)
1+2n)? —6n(1+0.5n)? 1
a= Q20 g conGrosn) | 1,
(1-n) (1-n)

Since the Coulomb repulsion between d holes at ny >0
leads to the formation of correlation spheresin the sub-
system of charged centerswith r. > d;, the spatial order-
ing of charges in the mixed-valence system can be
described within the penetrating hard sphere model
[22, 23]. For anumber of specific cases, a system of the
Ornstein—Zernike equations in the Percus-Yevick
approximation for the penetrating hard sphere model
was approximately solved in [22, 23].

It follows from relationships (11) that, in order to
determine the spatial distribution of ionsin the mixed-
valence system in the framework of the penetrating
hard sphere model, it is sufficient to find one partial pair
distribution function, for example, g,.(r), and the other
functions can be expressed in terms of this function.
Therefore, the system of the Ornstein—Zernike nonlin-
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ear integral equations can be reduced to the sole equa-
tion. For further manipulations, it is convenient to take
the Fourier transform of system (9), because the system
of integral equations for the Fourier components hys(0)
and c,g(0) transformsinto the system of agebraic equa-
tions

huB(q) = CaB(q)+ Z nyCaB(q)huB(q)-

y=+0

(14)

This system can be solved for the Fourier components
of the direct correlation functions

C.1(A) = 3{ n..(0) (1+ Nghee(@))

—Ng h+O(Q) h+0(q) } ’

h+()(q)

o) = Cou(a) = =3

@) = {ho(@(L+hu(@)  (15)

‘_ n+h0+(Q)h0+(Q)} '

D, = (1 +n,h,,(q))(1+ nghe(q))
—N,Noh,o(q) ho.(Q).
From expressions (11), it is possible to obtain the rela-

tionships for the Fourier components of the total corre-
lation functions

X+h++(q) + X0h+0(q) = Hf(q)1

c(Q)

U@ = T e @

(16)
X:ho, () + Xohoo(q) = H¢(a),

h.o(d) = ho(q),

where ¢;(q) isthe Fourier transform of the direct correla-
tion function for iron impurities[2]. From formulas (15)
and (16), it follows that the direct correlation functions
in the penetrating hard sphere model are related by the
expressions

X:+Ces () + XoCio(a) = C4(0),

(17
X,Co.(Q) + XoCoo(d) = c¢(q),

Cso(q) = Cou().
Let usintroduce the designations F]ap (9) = hge(q) —Hi(q)

and Cop(a) = Cyp(@) — (). Then, for the hap(q)
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functions, we obtain

-1

~ ~ 0 n 0
h++ = Cyy — 4 = ++ ’
(@ = Eu(@CL-n Ak (@0

I’:]*'O(q) = i;O+(q) = —rr]]—;F]++(Q), (18)

P(a) = e,

At nyg —= 0, Cyp(q) — 0 and the partial distribution

functions hyg(g) tend to H(q). Since ho —> O a
no —= 0, (n./ng)2c,,(q) — 0, and, hence, c,, (q)
tends to zero faster as compared to (ny)2. In the limiting
case of high iron impurity concentrations (n,/ng) < 1,
we have hy(q) — H;(q) and the system of neutral
centers turns out to be disordered due to a chaotic dis-
tribution of iron ions over the lattice sites. In the coor-
dinate space, the Ornstein—Zernike equation within the
penetrating hard sphere model takes the form

Itl]“‘(r) = 6++(r) + n+%- + %E dr6++(rl)lz'++(|r _rll)a
0

hee(r) = h.(r) —Hq(r),

(19)

C++(r) = |:1— expgt;frr)%}gﬂ(r),

%b++(r)—cf(r). O<|r| <dj
6++(r) = Ep++(r)’ df <Ir<ry= d+

, r>r..

At np — 0, we have h,,(r) — H(r) and c,.(r) —=
¢ (r) and, correspondingly, h.(r) — Oand c,,(r) — O.

Detailed anaysis of Eg. (19) and its solution is a
sufficiently tedious problem and will be published in a
separate work. Here, the influence of the interference
scattering on the dependences of the electron mobility
M(Nge) will be examined using an approximate scheme
for calculating the partial correlation functions gus(r)
and the corresponding structure factors [17]. The struc-
turefactor S,,(q) is determined from the solution of the
Ornstein—Zernike equation in the Percus-Yevick
approximation for the subsystem of d holes within the
hard sphere model in much the same manner as was
donein [2—4, 13]. The pair correlation functions g,q(r)
and gy(r) and the corresponding structure factors
S.o(Q) and S(q) are derived from relationships (11).
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i +0(X) S+0(_0)

Fig. 3. Dependences of the structure factor S,y on the
reduced wave vector x = g/2kg at different iron impurity
concentrations N, 1018 cm: (1) 5, (2) 7, (3) 9, and (4) 15.
The vertical line x = 1 separates the range of wave vectors
g < 2kg which contribute to the electron momentum relax-
ation. The inset shows the dependence of S,g(x = 0) on the
iron impurity concentration.
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Fig. 4. Dependences of the electron mobility on the iron
impurity concentration at the alloy scattering parameter
A =0.2. Curves 1, 1a, 1b, and 1c are calculated using the
empirical equation for n(Ngg). Curves 2, 2a, and 2b are
determined with the use of r(Ngg) defined by formula (4)
derived in [16]. (1a, 2a) Contributions to the mobility due
to the scattering by a correlated system of Fe>* ions,
(1b, 2b) dependences of the mobility without inclusion of
the interference scattering of electrons [S,q(g) = 0], (1c)
contribution to the mobility due to the alloy scattering
M4 (Ngo), and (3) the electron mobility upon scattering by a
random system of donors. Symbolsindicate the experimental
data on p(Ngg), taken from [1] (circles) and [25] (triangles).
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Setting G(r) = 1, we obtain
S.(a) = (L-n.c.(a@)

S+0(q) = S)+(q) = /\/2:;(1_8++(q)): (20)

Sw(@) = 1+ S (@) -D).

Theformulafor the Fourier transform of the direct cor-
relation function C,,(q) isgivenin[2, 3, 24]. The struc-
ture factors (20) correspond to the solution of the set of
the Ornstein—Zernike equations for the partial pair cor-
relation functions when neglecting the effect of the
ordering of neutral centerson spatial correlationsin the
system of Fe** ions. At N, — 0, correlations in the
system of d holes disappear; in thiscase, S,.(q) — 1
and S,o(g) — 0. Note that, at high concentrations
(Np > N,), the structure factor S,,(q) tends to O and
So(g) — 1, asshould be expected for arandom distri-
bution of particles.

The dependences S,(q) at different iron impurity
concentrationsaredepicted in Fig. 3. Asisseenfromthis
figure, the structure factor S.4(q) only dightly variesin
the wave vector range of interest and it is possible to
assume with a good approximation that S,(q) = S.(0).
From theinset in Fig. 3, it can be seen that the value of
S.o(0) insignificantly deviates from unity in the range
of an increase and a maximum of the electron mobility
H(Ngo)- In the phenomenological description of p(Ng)
in[3], it was assumed that S,(q) = 1. Aswill be shown
below, the effective value of S,(q) is actually some-
what less than unity. Therefore, the authors of [3]
appeared to be substantially closer to the truth as com-
pared to the author of [16], who believed that S,4(q) = 0.

4. INTERFERENCE SCATTERING
OF ELECTRONS BY A SYSTEM
OF MIXED-VALENCE IRON IONS
IN HgSe : Fe CRYSTALS

Now, we analyze how the interference scattering of
el ectrons affects the dependence of the el ectron mobility
HU(Ngo) ontheironimpurity content. Asin [2-4], assume
that the value of gy is equal to 3 x 10* cm?/V s upon
electron scattering by randomly distributed donors with
the concentration Ny = N*. However, as can be seen from

Fig. 4, the experimental value of ug,, in the concentra-
tionrange4 x 108 cm3 < Ny < 5 x 108 cm2 issomewhat
less [25]. Let us express JU(Ng) in terms of gy for the
electron scattering by the system of mixed-valence iron
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ions[17]
H(Nee) = HanPen(ke)/P(Ke),

K(Nee) = (H3(Nee) + Hro(Nee) + Hoo(Nee)) ™
D(ke) = Pi(ke)

" (21)

12
A2 0 ) + NGk,

where ®g, = 2.26 [3], A isthe alloy scattering parame-
ter, and

L XSy(2Kke0)
Dop(ke) = Zj(xzi—b‘l)"

0
Here,v = 2 for ®,,, v =1 for ®y,, and v = 0 for dy,.
Thus, the relaxation of the electron momentum by the
correlated system Fe**—Fe** inthe general caseisdeter-
mined by three contributions: the scattering by charged
centers, the scattering by neutral centers, and the inter-
ference contribution. Figure 4 shows the dependences
M(Nge) and aso the contributions p,.(Nge) and Py (Ngo)
(alloy scattering) to the mobility, which were calcul ated
in the framework of our model [3, 17] and the concepts
proposed in [16]. In order to avoid errors associated
with the use of theweak spatial correlation model inthe
determination of g,.(r) (formula(8) for f(r,, r) in[16]),
the mobility was calculated using the structure factors
S(0) (20) obtained from the solution of the Ornstein—
Zernike equations in the Percus-Yevick approxima
tion. Curves 1, 1a, 1b, and 1c were computed with the
empirical equation for the packing parameter n(Ng) [3]

dx, b, = 2ker.. (22)

— on NFe|:|
n= m[l—eXDD—n—LN—ﬁ} (23)
where n, = 0.45. Curves 2, 2a, and 2b were obtained
with expression (4) derived in [16] for the packing
parameter.

It is seen from Fig. 4 that the u(Ng,) values calcu-
lated without regard for the interference scattering of
electrons by charged and neutra (in the lattice) iron
ions (curve 1b in Fig. 4) lie considerably higher than
the experimental data. It is evident that the interference
mechanism plays an important part in the relaxation of
electron momentum in HgSe : Fe crystalsand should be
included in calculation of the electron mobility. A com-
parison between curves 1 and 2, which are calculated at
the same parameters and differ only in the dependences
r«{(Nge), does not count in favor of the model proposed
in [16]. Taking into account two fitting parameters
(A and ) and assumptions made in calculations, a
good gquantitative agreement between p(Ng) in our
model (curve 1) and the experimental data should not
be excessively overrated. However, within the model
advanced in [3, 13, 17], it is possible to describe the
dependence U(Ng.) over a wide range of iron impurity
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Fig. 5. (&) Dependences of the reduced compressibility
x* = X(T, n)/X(T, 0) on the density n (packing parameter)
for the system. Curves 1-3 are calculated from the expan-
sion of the structure factor in a power series of the density
with inclusion of (1) first-order terms x* = 1 — 8n [14],
(2) second-order terms x* = 1 — 8n + 34n? [16], and
(3) third-order terms x* = 1 —8n + 34n2 —108n3. Curve 4
is determined from the solution of the Ornstein—Zernike
equation within the Percus-Yevick approximation. (b)
Dependences of the number of d holes (1) AN, in the corre-

lation sphere and (2) ANg in the spherical layer ro <r < 2r.
on the density n (packing parameter).

concentrations. The use of the dependence r(Ng.) rep-
resented by formula (4) derived in [16] leads to a very
slow increase in the packing parameter and, corre-
spondingly, p..(Ng) with an increase in the iron impu-
rity concentration (Fig. 4, curve 1a). As aconsequence,
the discrepancy between the results obtained within the
approach proposed in [16] and the experimental data
from [1] in the range of an increase and a maximum of
the mobility appears to be sufficiently large: the value
of [(M(Nge) — Hgn)/Ugy] is less than the experimental
value by a factor of two or three. In the framework of
this approach, the dependence U(Ng) at any fitting
parameters A and r, cannot be described in the range of
an increase and a maximum of the mobility.

Let us now consider the problem concerning the
correctness of using S,.(q) and the pair correlation
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function f(r,, r) defined in the model of weak Coulomb
correlations between Fe** impurity ions [16]. To
accomplish this, let us examine the behavior of such a
physical quantity as the isothermal compressibility
X(T, n) with an increase in the density of the system
(packing parameter) [19]

X(T, r]) |:|n+kBTS++(O)'

The value of S,.(0) = (1 — n)¥(1 + 2n)? determined
from the solution of the Ornstein—Zernike equation
within the Percus-Yevick approximation [5] monoton-
ically decreases with an increase in the packing param-
eter (Fig. 5). In the framework of the weak correlation
model [14], upon approximation of g(r) by a step func-
tion, S,,(0) = 1 —8n and the compressibility of the sys-
tem becomes negative at n > 1/8. According to [16], the
inclusion of the next expansion term resultsin S,,(0) =
1-8n + 34n2 In this case, as the packing parameter n
increases, the compressibility of the system decreases at
n < 1/8, sharply increases at n > 1/8, and becomeslarger
than the compressibility of an ideal gas [S,.(0) = 1] at
n > 0.235. This behavior of the compressibility indi-
cates that the weak correlation model can be used only
at n < 1/8. Another more serious circumstance that cast
some doubt on the results obtained within this model is
theviolation of the particle conservation law upon order-
ing of d holes. The mean number of d holes that passed
from the correlation sphere (0<r <r.,) AN, =n,V,=8n
should be equal to the excess number of d holes that
appeared intheregionr > r,

AN = 41, I r’h,.(r)dr.
r>rc

For the pair correlation function f(r,, r) defined in the
model of weak Coulomb correlations between Fe*
impurity ions [16], AN = 34n>2. The particle conserva-
tion law is violated over the entire range of packing
parameterswith the exception of the valuen = 0.235, at
which the weak correlation model has already been
inapplicable (Fig. 5).

The nonphysical behavior of (T, n) atn > 1/8 and
the violation of the particle conservation law suggest
that the use of the weak correlation model [16] cannot
betreated asjustified. The main thing residesin the fact
that the application of thismodel makes no sense. First,
for the hard sphere system, there is the rigorous anal yt-
ical solution of the Ornstein—Zernike equation within
the Percus-Yevick approximation [19, 21], which is
free of the above disadvantages. This solution can be
used in the range of both weak and strong Coulomb
correlations of d holes in the system of mixed-valence
iron ions. Second, the experimentaly observed
increase in the mobility cannot be explained within the
weak correlation approximation: the experimental ratio
Mrmax(Nee)/Ugy is equal to ~4 at Ne, ~ (1-2) x 10'° cm3,
whereas the ratio calculated according to [16] (even
without regard for the aloy scattering) istwo timesless
[Mes(Neo)/ Mgy < 2]. Our calculations give J.(Nre)/ Uy
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~ 8 in this concentration range. Therefore, the experi-
mental dependence of the electron mobility on theiron
impurity content in HgSe : Fe crystals at low tempera-
tures cannot be described within the approximations
made in [16].

5. CONCLUSION

Thus, in the present work, the spatial ordering of
charges was considered for the mixed-valence system.
The dependence of the correlation sphere radius on the
iron impurity content was obtained from the balance
equation for d holes and neutral centers in the short-
range order cluster of the Fe** ion. It was demonstrated
that the basic equation that determines the dependence
r«(Ngo) in [16] isincorrect. The penetrating hard sphere
model was proposed for the rigorous description of the
spatial ordering in the mixed-valence system and the
calculation of partial correlation functions. The rela-
tionships between the direct correlation functions were
derived. This made it possible to reduce sets of four
Ornstein—Zernike equations to one nonlinear integral
equation for the pair correlation function of d holesin
the mixed-valence system. Detailed critical analysis of
the results obtained in [16] was carried out. Contrary to
the conclusion drawn in [16], we proved that the spatial
redistribution of charges in the mixed-valence system
leads both to spatial correlations in the subsystem of
charged centers and to the correlated arrangement of
neutral centers with respect to charged centers. Thisis
responsible for the interference scattering, which plays
an important role in the relaxation of electron momen-
tum and should be taken into consideration in calcula-
tions of the electron mohility. It was shown that the use
of the weak Coulomb correlation model cannot be
treated as justified. This model gives no way of fitting
the results of calculations to the experimental mobili-
tiesin HgSe : Fe crystals.

ACKNOWLEDGMENTS

We are grateful to A.P. Tankeev for his participation
in discussions of the results and helpful remarks.

Thiswork was supported by the Russian Foundation
for Basic Research, project no. 00-02-16299.

REFERENCES

1. 1. M. Tsidil’kovskii, Usp. Fiz. Nauk 162 (2), 63 (1992)
[Sov. Phys. Usp. 35, 85 (1992)].

2. 1. M. Tsidilkovskii and I. G. Kuleyev, Semicond. Sci.
Technol. 11, 625 (1996).

3. I. G. Kuleev, |. I. Lyapilin, and |. M. Tsidil’ kovskii, Zh.
Eksp. Teor. Fiz. 102 (5), 1652 (1992) [Sov. Phys. JETP
75, 893 (1992)].

4. 1. G. Kuleev, I. I. Lyapilin, and I. M. Tsidil’ kovskii, Fiz.
Tverd. Tela (St. Petersburg) 37 (8), 2360 (1995) [Phys.
Solid State 37, 1291 (1995)].

No. 3 2001



o

10.

11.
12.
13.

14.

SPATIAL ORDERING AND INTERFERENCE SCATTERING OF ELECTRONS

I. G. Kuleev, A. T. Lonchakov, I. Yu. Arapova, and
G. |. Kuleev, Zh. Eksp. Teor. Fiz. 114 (1), 199 (1998)
[JETP 87, 106 (1998)].

I. G. Kuleev, I. I. Lyapilin, A. T. Lonchakov, and
I. M. Tsidil’ kovskii, Zh. Eksp. Teor. Fiz. 103 (4), 1447
(1993) [JETP 76, 707 (1993)].

I. G. Kuleev, I. I. Lyapilin, A. T. Lonchakov, and
I. M. Tsidil’ kovskii, Fiz. Tekh. Poluprovodn. (St. Peters-
burg) 28 (6), 937 (1994) [Semiconductors 28, 544
(1994)].

I. G. Kuleev, I. I. Lyapilin, A. T. Lonchakov, and
I. M. Tsidil'kovskii, Zh. Eksp. Teor. Fiz. 106, 1205
(1994) [JETP 79, 653 (1994)].

I. G. Kuleev, A. T. Lonchakov, G. L. Shtrapenin, and
I. Yu. Arapova, Fiz. Tverd. Tela (St. Petersburg) 39 (10),
1767 (1997) [Phys. Solid State 39, 1575 (1997)].

D. l. Khomskit, Usp. Fiz. Nauk 129 (3), 443 (1979) [Sov.
Phys. Usp. 22, 879 (1979)].

C. M. Varma, Rev. Maod. Phys. 48 (2), 219 (1976).
P. W. Anderson, Phys. Rev. 124 (1), 41 (1961).

I. G. Kuleev, Fiz. Tverd. Tela(St. Petersburg) 39 (2), 250
(1997) [Phys. Solid State 39, 219 (1997)].

Z. Wilamowski, K. Swiatek, T. Dietl, and J. Kossut,
Solid State Commun. 74, 833 (1990); Z. Wilamowski,
ActaPhys. Pol. A 77, 133 (1990).

PHYSICS OF THE SOLID STATE Vol. 43 No. 3

2001

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

429

I. G. Kuleev, Fiz. Tverd. Tela(St. Petersburg) 40 (3), 425
(1998) [Phys. Solid State 40, 389 (1998)].

V. M. Mikheev, Fiz. Tverd. Tela (St. Petersburg) 41 (11),
1994 (1999) [Phys. Solid State 41, 1830 (1999)].

I. G. Kuleev and I. Yu. Arapova, Fiz. Met. Metallogr. 88
(3), 43 (1999).

L. D. Landau and E. M. Lifshitz, Satistical Physics
(Nauka, Moscow, 1976; Pergamon, Oxford, 1980),
Part 1.

J. M. Ziman, Models of Disorder: The Theoretical Phys-
ics of Homogeneously Disordered Systems (Cambridge
Univ. Press, Cambridge, 1979; Mir, Moscow, 1982).

J. L. Lebowitz, Phys. Rev. A 133 (3), 895 (1964).

M. S. Wertheim, Phys. Rev. Lett. 10 (8), 321 (1963);
J. Math. Phys. 5 (5), 643 (1964).

J. L. Lebowitz and D. Zomick, J. Chem. Phys. 54 (8),
3335 (1971).

M. I. Guerrero, J. S. Rowlinson, and B. L. Sawford, Mol.
Phys. 28 (6), 1603 (1974).

E. I. Khar'kov, V. I. Lysov, and V. E. Fedorov, Physics of
Liquid Metals (Vishcha Shkola, Kiev, 1979).

T. Dietl and W. Szymanska, J. Phys. Chem. Solids 39
(10), 1041 (1978).

Translated by O. Borovik-Romanova



Physics of the Solid State, Vol. 43, No. 3, 2001, pp. 430-438. Trandlated from Fizika Tverdogo Tela, Vol. 43, No. 3, 2001, pp. 414-422.

Original Russian Text Copyright © 2001 by Mikheev.

SEMICONDUCTORS

AND DIELECTRICS

Mobility of Electrons upon Scattering by a M ulticomponent
Correlated System of Impurity Centers

V.M. Mikheev
Ingtitute of Metal Physics, Ural Division, Russian Acadenmy of Sciences, ul. S. Kovalevskor 18, Yekaterinburg, 620219 Russia
e-mail: mikheev@imp.uran.ru
Received February 8, 2000; in final form, May 23, 2000

Abstract—A system that contains two sorts of impurity centers spatially distributed in a random way is con-
sidered. Not all impurities of thefirst sort areionized, and al theimpurities of the second sort areionized. Spa-
tial correlations in the system of impurity ions of the first sort are investigated under conditions when the cor-
relation radius of an impurity ion is limited from above due to a deficit of neutral impurities. The influence of
randomly spatially arranged small-sized donors (impurities of the second sort) on correlations in the system of
impurity ionsis analyzed. The equations for describing the effect of small-sized donors on correlations in the
system of impurity ions are obtained. The electron mobility at zero temperature is calculated by the example of
HgSe : Fe (the correlated system of impurity centers consists of iron atoms and small-sized donors whose con-
centration is higher than the Mott concentration). © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Impurity scattering makes the main contribution to
the electron mobility in semiconductors at low temper-
atures. Under normal conditions, when the multiple
scattering is negligibly small, the coherent component
of scattering is associated with the correlations in the
spatial arrangement of impurity centers. In recent
years, the interference scattering effects that lead to an
increase in the electron mobility have been extensively
studied in HgSe : Fe compounds in which correlations
in the arrangement of Fe** ironionsaresignificant [1, 2].
Earlier [3], | proposed atheory for describing the spa-
tial correlations of impurity ions in solids and consid-
ered the specific case when particles of one sort served
as correlated scatterers. The theory was applied to anal-
ysis of the electron mobility in HgSe : Fe upon scatter-
ing by the correlated system of iron ions[3]. However,
real impurity systems are multicomponent systems
involving impurity centers of different sorts. Particu-
larly, in the case of HgSe : Fe, the mobility is deter-
mined by the scattering from Fe* iron ions, Fe** iron
atoms neutral with respect to alattice, and the so-called
intrinsic donors whose concentration depends on the
degree of sample purification and is an uncontrollable
guantity. In this respect, the calculation of the mobility
upon scattering of electrons by a multicomponent sys-
tem of correlated impurity ionsis atopical problem. In
the present work, the theory proposed in [3] was gener-
alized to this case and the electron mobility in HgSe : Fe
compounds at low temperatures was considered as an
example.

2. RELATIONSHIP BETWEEN CORRELATION
FUNCTIONS AND THE MOBILITY
UPON ELECTRON SCATTERING

BY MULTICOMPONENT IMPURITY SYSTEMS

Our theory is based on the relationship obtained
within the Born approximation at T = O for the relax-
ation time of electron momentum upon elastic scatter-
ing by asystem of impurity centers[4, 5], that is,

2ke

=S Iq3dqzva(q)v;§(q)
e a,B

x<z > exp(iq(rf‘—r?))>

i=1j=1

x<z > exp(iq(r?—r?))>

i=1j=1

(D)

_gwaaag (ri =r%
eNgdep(@  (r{ £ r5).

For a homogeneous and isotropic spatial distribu-
tion of impurity centers, we have

Jap(a) = Idr exp(iqr)[qp(r) — 11,
Jup(d) = Qup(a)-

Here, Q.p(r) is the pair correlation function, which
relates the mutual arrangement of impurity centers of
the a and B sorts; V,(q) is the matrix element of the

)
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scattering potential; n, is the partial concentration of
impurity centers; n, is the electron concentration; and
€r isthe Fermi energy. For simplicity, the volume V of
the system under consideration is taken equal to unity.

The boundaries of the applicability of our smple
theory are determined by two conditions. The condition
of validity of the Boltzmann kinetic equation for a
degenerate electron gasisrepresented by the inequality
hlteg < 1. The condition of validity of the Born
approximation is defined by the inequdity [V| <

2
h_2 k-a. Here, ke is the wave number of an electron at
ma

the Fermi surface and a is the effective range of the
potential.

Formulas (1) and (2) allow us to calculate numeri-
cally the mobility p = et/monly in two specific cases.
either when all the scattering centers are spatially dis-
tributed in arandom way or for the scattering by a cor-
related distribution of scatterers of one sort. In the case
of multicomponent correlated systems of scatterers, the
calculation of the mobility p from formulas (1) and (2)
can be brought to completion only under additional
model assumptions that reflect specific features of the
problem. As such a particular system, let us consider
correlated impurity centersin HgSe : Fe and also exam-
ine the behavior of the electron mobility at T = 0.

In HgSe : Fe, the impurity scattering is contributed
by iron atoms, whose concentration n: is specified in
the sample preparation, and intrinsic donors, whose
concentration np is an uncontrollable quantity and
characterizes the sample purity. The sources of elec-
trons in the conduction band are iron atoms, whose
energy level lies in the conduction band, and intrinsic
donors, whose concentration is higher than the Mott con-
centration that corresponds to the metal—dielectric tran-
sition. At electron concentrations lower than a certain
critical valuen,, all theiron atoms areionized, and the

concentration of impurity ions is n* = n, = ng + np,

where ng is the concentration of Fe** ions. When the
condition n, = n.ismet, the Fermi level isfixed at theres-
onancelevel of iron[1, 2]. Therefore, at n: + Ny > n, the
concentration of iron ions becomes constant and a part
of iron atoms remain in the Fe** state, which is neutral
with respect to the lattice. In this case, the concentra-
tions of impurity centersare related to each other by the
expressions

N, = ne+np,
0
Ne = NE+Ng, (©)
+ +
n" = nf+np.

Here, n, isthetotal concentration of all impurity centers

and n(F’ is the concentration of Fe?* atoms neutral with
respect to the lattice. It isassumed that all the impurity
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centers are spatially arranged in a random manner.
However, iron ions under the repulsion of the Coulomb
forcesare spatialy redistributed and tend to be spaced as
far apart as possible, which leads to correlations in the
system of impurity centers[2]. Let usintroduce the par-

tial correlation functions g5 (r), 95 (r), and g (r),
which describe correlations in the mutual spatial

arrangement of iron ions, small-sized donor ions, and
neutral iron atoms, respectively. Furthermore, the

mixed correlation function g5, (r) determines correla-
tions in the arrangement of iron ions relative to neutral

iron atoms, the function g'., (r) defines correlationsin
the location of iron ions with respect to small-sized

donor ions, and the function g5 (r) describes correla-

tions in the arrangement of neutral iron atoms relative
to small-sized donor ions.

Then, in the framework of the model used [2], the
relaxation time t according to formulas (1) and (2) is

expressed through the Fourier transforms of six partia
correlation functions

2k

1_2
- o [ adaf [Vo(@) (7 + i 0 ()
0

" 32mh)°n,

2 _FF

+|V(@P[n" + ng’gti(q) + nagfi(a) (4)
+2n£np gt ()] + [Vo(@)VE (@) + Vi (Q) V. ()]

X [NENEGo: (A) + NENoGor ()]} -
Here, Vy(q) is the matrix element of the potentia of
scattering by a neutral iron atom; V,(q) is the matrix
element of the potential of scattering by the impurity
ion (we assumethat al theimpurity ionsirrespective of
their nature have the same scattering potentia); and

ghr (@), 9% (A, 9o (@, Gos (@), @i (a), and go. (0)
are the Fourier transforms of the partial correlation
functions.

The specificity of multicomponent systems resides
in the fact that the partial correlation functionsin these
systems are not independent, but are related to each
other by universal equations. These universal equations
make it possible to reduce the number of partia corre-
lation functions to be calculated by choosing an appro-
priate model. One universal equation can be obtained
by expressing the total correlation function g, (r)

(describing correlations in the system of impurity cen-
ters) in terms of the partial correlation functions

2~ _ _+2~FF 02~FF 2 ~DD
n; grr(r) = Ne Qus (I') + Ne Yoo (r) + Np0Q.+ (I’)

+2nENedos (1) + 2nEnp @i (r) + 2nenpdos ().

©)

The second universal equation is derived when thetotal
correlation function gq¢ (r) of the subsystem consisting
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of iron atoms is expressed through the partia correla
tion functions

MEGee(r) = NEGe () + NE Gog (1) + 202NEGoL (1), (6)
Since al the impurity centers are spatially arranged in
arandom fashion, we have the equality

Gre(r) = Bee(r) = () = 1. ()
Recall that correlations in the system of scatterers are
determined solely by the ordering of Fe* ions. The
Coulomb repulsion redistributesironionsin such away
that a sphere of radius r,, inside which iron ions are
absent, can be drawn around each ironion. Thisimplies

that the correlation function g-. (r) differs from unity.

On the other hand, neutral iron atoms occur in the
sphere of radius r., which surrounds an iron ion, and,

hence, the correlation function g5 (r) also differs from
unity. Similarly, correlationsin the arrangement of iron
ions with respect to an intrinsic donor ion [ g5, (r) # 1]
result in the correlation in the location of neutral iron

atoms relative to a small-sized donor ion [g5, (r) # 1].

Inthis case, it is essential that the spatial redistribution
of iron ions should not bring about correlations in the
mutual arrangement of neutral iron atoms. Actualy,
since iron atoms themselves are spatially arranged in a
random way, the density of iron atoms and, hence, the
density of iron ions fluctuate in the space. In spatial
regions, where the density of iron ions is anomalously
large, the energy of the Coulomb repulsion is aso
anomalously high. As the concentration of iron atoms
increases, iron ions are redistributed in such away asto
reduce the energy of the Coulomb repulsion. In this
case, it is clear that the distribution of neutral iron
atoms in regions with an anomalously large density of
ions most efficiently decreases the energy of the sys
tem. Since density fluctuations are spatially distributed
in arandom manner, the mutual arrangement of neutral
iron atoms also turns out to be close to random. In this
respect, within our model, we assume that the distribu-
tion of neutral iron atomsis close to random and set

Goo (1) = 1. 8)
Note that the problem concerning the relation between
the partia correlation functionsin HgSe : Feintheide-
alized case of pure sample (N, = 0) was considered in
[6]. Certain heuristic equations that relate the partial
correlation functions in the system composed of parti-
cles of two sorts (A and B) were taken by the authors of
[6] from [7]. These eguations (formulas (1) and (2) in
[7]) were obtained under the assumption that the corre-
lation functions that describe the mutual arrangement
of particles of the A sort relative to each other and par-
ticles of the B sort with respect to each other differ little
[“when ga(r) and gg(r) are the same’]. In the case of
HgSe : Fe, the energy of interaction between neutral
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iron atoms is small as compared to the energy of the
Coulomb repulsion between iron ions. Therefore, the
correlation functions g\ (r) and i (r) bear no simi-
larities to each other, and the heuristic equations
(obtainedin[7]) in our caseareinapplicable. In our the-
ory, the relations between the partial correlation func-
tions were derived using the universal Egs. (5) and (6),
which follow from the definition of the total correlation
function for a system involving particles of several
sorts.

By using the Fourier transform of Egs. (5) and (6)
with due regard for relationships (7) and (8), the partial
correlation functions that describe correlations in the
arrangement of neutral atoms can be expressed in terms
of the partial correlation functions that determine cor-
relationsin the system of impurity ions

f, 9::(q),

Ne

9o+ (q) =
)
FF 1n F FF
Yo+ (q) _é no O+ (q) :
F
Substitution of expression (7)—9) into formula (4)

gives the final relationship for the relaxation time 1 of
the electron momentum

2k
1_2
T 7 3Gy ﬁ) J’q dqavo(q)l

+ VL@ (0 + o) + SIV.((VE(@) - VE(@) (10)

FVEQ)(V.(0) = Vo(@) 1IN0 + 2nine g 2(q)] E;

According to formula (10), the interference scattering
term expressed through the partial correlation functions
isthe larger, the larger the difference between the scat-
tering potentials, and tends to zero in the limit
V() —= Vy(q). Thisproperty of formula(10) isacon-
sequence of our model assumptions, according to
which impurity centers are spatially distributed in a
random way [relationship (7)], and correlations are
determined solely by the spatial arrangement of iron
ions. Therefore, the interference terms in the scattering
appear only owing to the difference between the poten-
tials of scattering by neutral centers and ions.

Since the potential of electron scattering by neutral
iron atoms is small compared to that by iron ions, we
take into account the inequality Vy(g) < V,.(g) and set
Vo(q) = 0intheterminvolving the correlation functions
in formula (10). Within this approximation, correla-
tions in the arrangement of neutral iron atoms make
zero contribution to the interference and the formulas

No. 3 2001
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for the calculation of the electron mobility p take the
form

M = HoMs/[Ho + H4],

o = ZHIVo(@]*/IV. (@)} g, a1

b = 20"+ {g@ e+ 2nino{ g2},

where

2ke

2__m [ V. @ 1.
0

{f@} = 3—=—
3(2mi)’n,
Here, Y, is the electron mobility associated with the
scattering by neutral iron atoms and L, is the mobility
stemming from the scattering by impurity ions.

3. CALCULATION
OF CORRELATION FUNCTIONS

The correlation function gff (q) for HgSe : Fe com-
pounds in the idealized case of pure samples (n, = 0)
was calculated within the “hard” sphere model in[2, 3,
8]. The hard sphere diameter r,. (in our case, this quan-
tity plays the role of the correlation sphere radius) was
identified with the minimum distance between iron
ions. The larger theratio C = nc/n¢, the larger the dis-
tance that can separate iron ions, and, hence, the larger
thevalueof r.. In each of theworks[2, 3, 8], the authors
used their own basic equation of the theory that relates
the hard sphere diameter r to the concentrations of iron

atoms ng and iron ions ng and this is the main differ-
ence between these works. The influence of intrinsic
donors on the correlation effects in HgSe : Fe com-
pounds was taken into consideration in [9, 10]. This
was achieved by a simple modification of the basic
equation of the theory that was written for ny = 0.
Before proceeding to the construction of amore realis-
tic model that includes intrinsic donors, it is necessary
to examine the basic equation of the theory for the case
of np=0.

First and foremost, we consider the limiting case
C —~ 1. Inthiscase, V.ny < 1(V, =47 /3isthecor-
relation sphere volume) and the correlation sphere do
not overlap. By definition, only neutral iron atoms
occur in the correlation sphere. Conseguently, the vol-

ume occupied by iron ions is equal to 1 — V.n¢. The
concentration of iron ionsisequal to theiron atom con-

centration multiplied by the volume occupied by iron
ions. Therefore, inthe limiting case C — 1 (recall that

C =ng/ng), we have

Ne = Ne(1-Veng). (12)
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In the limit ne/n —» 1, the basic equation of the the-
ory should transform into Eqg. (12) (in this case,
(dn/dC) —» 1/8, where n = V.n:/8 is the packing
coefficient). Now, we compare the asymptotics of the
basic equations underlying the theories proposed in
[2, 3, 8] with Eq. (12).

In [2], the basic equation of the theory was postu-
lated in the form

Vcn|+= =1- eXp(_Van)-
Inthelimit C — 1, this equation takes the form

+ 1

and (dn/dC) — 1/4. Therefore, the equation derived
in [2] has an incorrect asymptotics and overestimates
therate of increase in the packing coefficient by afactor
of two.

In [8], the postulated basic equation of the theory
was as follows:

Ne PO ﬂLn;D
where the fitting parameter n, is equal to 0.45. In the
limit C — 1, this equation has the form

+ _ 1 O

and (dn/dC) — 2n,. Consequently, the asymptotics
of the equation derived in [8] is also incorrect. More-
over, this equation overestimates the rate of increasein
the packing coefficient by one order of magnitude.
Thus, the calculationsin [2, 8] were based on the equa-
tions that exhibit an incorrect asymptotics in the limit

C=ng/ng — 1. Therefore, the estimates performed
in these works cannot lay claim to the quantitative
description.

In my previous work [3], the basic equation of the

theory was derived by methods of statistical physics
and takes the form

+ _ V(;|jﬁIm
n' = nHl- v (13)
where n* is the concentration of impurity ions, n isthe
concentration of impurity centers, V,, is the maximum
value of the correlation volume V., and n,,= n*V,,isthe
number of impurity ionsthat are redistributed from this
volume to the spherical layer ro <r <r,. Upon redistri-

bution of ironions, V,,=V,; = 2nrf/3 (wherer, isthe

radius of thefirst coordination sphere for aface-centered
cubic structure) and n,, = a=5.92 [3]. Equation (13) has
the correct asymptotics and transforms into Eq. (12) in



434

the limit ne/ng —~ 1. Thus, our theory that includes

the influence of small-sized donors on correlations in
the arrangement of iron ionsis based on Eqg. (13).

In order to calculate the mobility p by formulas (11),
it is necessary to compute two correlation functions

gt (g) and g-2 (q) in the framework of the hard sphere

model. In this case, it should be taken into account that
the presence of small-sized donors spatially arranged in
a random manner weakens correlations in the location
of iron ions. At sufficiently large concentrations of
small-sized donors, when the energy of interaction
between iron ions is considerably less than the energy
of interaction between iron ions and small-sized

donors, the correlation function gff (q) isequal to zero
[g5s (r) = 1] and correlations in the system of impurity

ions are described only by the function g, (q), which

defines correlations in the arrangement of iron ions
with respect to small-sized donors. We will restrict our
consideration to not very high concentrations of small-
sized donors. In this case, it is possible to construct a
simple model that furnishes a means of performing
numerical calculations. Let the condition n- + ny > n,
be met. Then, an increase in the iron concentration
leads to the ordering of iron ions, which tend to be
spaced as far apart as possible. In doing so, it is clear
that each small-sized donor can be surrounded by acor-

relation sphere of certain radius . such that only neu-
tral iron atoms occur in the correlation volume \7c =

41172 /3 around each small-sized donor. For iron ions, it
is energetically unfavorable to be inside these correla-
tion volumes due to the Coulomb repulsion between
iron ions and small-sized donors. Therefore, iron ions
are redistributed only over iron atoms that are located
outside the correlation spheres of radius 7. Let us

eliminate these iron atoms from consideration by cut-

ting the correlation volumes V. together with small-
sized donors (the centers of these volumes) from the
system of impurity centers and cal culate the correlation
function that describes the mutual arrangement of iron
ions in this “perforated” system. Since small-sized
donorsare spatialy arranged in arandom way, theloca-
tion of iron atoms in this perforated system is also ran-
dom. Hence, it is assumed that the correlation functions
in this perforated system should be calculated in the
sameway asin the system that is comprised of randomly
arranged iron atoms in the ideal sample (n, = 0). Note
that Eq. (13) in which the iron atom concentration ng is

replaced by the effective concentration n: = ng(1 —
Ve np) should be used as the basic equation of the the-
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ory. As a result, the equation for the determination of
the V, parameter takes the form

ne = nF(l—\N/an)%L—x——CEa. (14)

The basic equation (14) of the theory enables usto cal-
culate the correlation function g’ (q) provided that the

correlation volume V. isknown.

Evidently, upon redistribution of iron ions with
respect to the spatially fixed small-sized donor ions, the
maximum correlation volume V. is equal to the vol-
ume per impurity ion, i.e., V,,, = 1/n*, and the number of
ions n, redistributed from this volumeis equal to unity.
Substitution of V,,, = 1/n* and n,, = 1 into Eq. (13) gives
the second equation in our set of equations for deter-
mining the correlation volume V.

Nt = ne(1-Ven"). (15)
In the limiting case n:/ng —» 1, when the correlation
spheres do not overlap, the volume occupied by iron
ionsisequal to 1—V,ng — V¢np. Consequently, in this

limiting case, the correlation volumes and the concen-
trations of impurity ions are related by the equation

Nt = ne(1=V,ni—Venp). (16)

Atng/ng — 1, Eq. (14) transformsinto Eq. (16), and,

since V, — V., Eq. (15) coincides with Eq. (16).
Therefore, Egs. (14) and (15) have the correct asymp-
totics. If the expression for the correlation volume V.
from Eq. (15) is substituted into Eqg. (14), instead of the
set of two coupled equations (14) and (15) we can write
the equivalent set consisting of two independent equa-
tions
\N/CnC =1- n—F,
F

1 nc 1/a
n= éa[l_[nF(l-*_nD/nF)} }

The condition ng + np > n, determines the lower bound-
ary of theng valuesat which the set of Egs. (17) isvalid.
The upper boundary can be obtained from the follow-
ing reasoning. The correlation radiusr, cannot be larger
than the screening length, because, at larger distances,
the Coulomb interaction between ions is negligibly
small and ions are not redistributed. The screening
length can be cal culated by the Thomas—Fermi formula
I'e = 6mNe2/KeR. The maximum packing coefficient is

estimated as ), = Tr+F3n¢ /6. The set of Eqgs. (17) is
valid only in the range of iron atom concentrations ng

(173)

(17b)
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at which r. < ry¢, because the packing coefficient only
in this range is limited from above by a deficit of iron
atoms. Therefore, at high concentrations of iron atoms,
we are forced to restrict ourselves to an estimate and to
set N = N, The numerical estimates were obtained
using the following parameters: n, = 4.5 x 10'8 cm3,
€= 210 meV, m = 0.07m,, and K = 20 [1]. At these
parameters, the Thomas—Fermi screening length rg is
equal to 6.8 x 10~ cm and the packing coefficient is
limited from above by n,,, = 0.475(n, — np)/n,..

The set of Egs. (17) permits us to calculate the cor-
relation functions in the framework of the hard sphere

model. The correlation function g.>(r), which

describes the arrangement of small-sized donors rela-
tiveto an iron atom, is computed by the formula

~FD 0o r

<
m rz (18)

e
Fe.

The correlation function g, (r), which defines the

mutual arrangement of iron ions, is calculated by the
Percus-Yevick method [5].

Here, it is pertinent to recall that the mobility in our
theory is calculated from the Boltzmann kinetic equa-
tion in the Born approximation with due regard for the
screening of the Coulomb potential for impurity ions
within the Thomas—Fermi linear theory. The fulfillment
of the corresponding conditions requires the smallness
of a number of parameters, which for HgTe : Fein the
order of magnitude are as follows: #/te = 3 x 1073
(condition for applicability of the Boltzmann equation),
(keag)™ = 0.1 (condition for applicability of the Born
approximation in the case of the Coulomb scattering
potential), and €/k F € = 5 x 1072 (condition for applica-
bility of the Thomas—Fermi theory). Here, F isthe mean
distance between electrons; ag is the Bohr radius; and t
isthe relaxation time of electron momentum, which was
estimated from the mobility p = 4 x 10* cm?/V s. The
above estimates indicate that the high concentration of
conduction electrons (n, = 4.5 x 10'® cm®) in the case of
HgSe: Fe ensuresthe smallness of the basic parameters
of our theory developed for calculating the maobility in
a degenerate el ectron gas.

4. ELECTRON MOBILITY ATT=0

We start the discussion of the results of calculations
with the mobility u* associated with the scattering by
impurity ions, which is calculated by formulas (11),
(17), and (18). The results of calculations are conve-
niently analyzed by separating two relative contribu-
tions to the electrical resigtivity from formula (11) for
K™ the contribution Apgep/p, from the interference due
to the correlation in the arrangement of iron ions with
respect to small-sized donors and the contribution
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0.3

0.2+

0.1

1 1 1 1
0 1 2 3 4
np, 10" cm=

Fig. 1. Dependences of the electrical resistivity on the con-
centration of small-sized donors np. Contributions of the
interference to the resistivity: the heavy line corresponds to
the contribution of the interference -Ap/pg upon scattering
by impurity ions, curve 1 represents the contribution of the
interference —Apg/pg upon scattering by iron ions, and
curve 2 showsthe contribution of theinterference—-Apgp/pg
upon scattering by iron ions and small-sized donors. Con-
centration of iron atoms ng = 5 x 101® cm™.

Apee/po from the interference due to the correlation in
the mutual arrangement of iron ions, that is,

Apep _ ZnEnD{gEP(Q)}
pO n+c2 FF{ 1} (19)
Apee _ Ne {9.(9)}
Po n. {1} °
where
2ke
2 m 3 2
f = — dg|V. f(q).
{f(a)} =3 G, { qdq|V.(a)|"f(a)

Here, p, isthe resigtivity calculated for a random distri-
bution of impurity ions. The total contribution Ap from
the interference effects to the resistivity is equa to
Apep + Apee. The electron scattering by theimpurity ion
will be described as the scattering by a screened Cou-
lomb center with V,(q) = (4T€?)/K(? + r7= ). Within this
approximation, formula (11) for W, in the limit

gir (@) — 0 and g2 (q) —= O transforms into the
well-known Brooks—Herring formula for the mobility.
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np, 108 cm=3

Fig. 2. Dependences of the mobility |, upon scattering by
impurity ions on the concentration of small-sized donorsnp

at different concentrations of iron atoms ng, 108 cm™:
(1)'5,(2) 8, (3) 10, (4) 20, (5) 30, and (6) 40.

Figure 1 displays the numerical data on the electri-
cal resistivity as a function of ny for the specific case
ne= 5 x 10 cm3. Curve 1 shows the contribution
—-Apee/po (from the interference upon scattering by iron
ions) to the resistivity. This contribution to the electri-
cal resistivity (19) is the product of the integral involv-
ing the correlation function by the concentration factor

nEZ/nC, which monotonically decreases with an
increase in np. According to relationship (17b), the
packing coefficient n = Tri(n, — np)/6 can only
increase with an increase in the concentration of small-

sized donors, and, hence, the hard sphere diameter r,
increases with an increase in np. Therefore, at r, < ry,

the integral { g’ (q)} is a monotonically increasing
function of ny and the quantity —Apg/pg, which is the
product of a monotonically decreasing function by a
monotonically increasing function, reaches a maxi-
mum at a certain concentration of small-sized donors.
Curve 2 depicts the contribution —-Apgp/py (from the
interference associated with the correlation in the
arrangement of iron ions with respect to small-sized
donors) to theresistivity. Asfollowsfrom Eq. (17a), the
hard sphere diameter ¥, monotonically increases with

an increase in ny. As a consequence, the integra
{92 (g)} monotonically increases with an increase in

np, while the concentration factor ny ny reaches a max-
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imum at np = nJ/2. Therefore, the resistivity —Apep/Po
reaches amaximum at the small-sized donor concentra-
tion close to n./2. The total contribution —-Ap (heavy
line in Fig. 1) from the interference to the electrical
resistivity contains two terms and al so exhibits a maxi-
mum. Since the contribution from the interference to
the electrical resistivity is negative, the dependence of
the electron mobility p* upon scattering by impurity
ions on the concentration of small-sized donors has a
maximum.

The dependences of the electron mobility p, on the
concentration of small-sized donors are depicted in
Fig. 2. The value of p,, = 3.5 x 10* cm?V s (where
M. = e/mn*{1} isthe electron mobility upon scattering
by randomly arranged impurity ions) was used in cal-
culations. As can be seen from Fig. 2, the relative
mobility at a maximum Ap. /|, decreases with an
increase in the iron concentration. For example,
ALY, = 04 at n. =5 x 10® cm™ (curve 1) and
AL/, = 0.1 a n: = 4 x 10'° cm3 (curve 6). This
behavior directly follows from formulas (17), accord-
ing to which the higher the concentration of iron atoms,
the closer the hard sphere diameter to itslimiting value,
and, hence, the smaller the possible increment in the
hard sphere diameter upon an increasein the concentra-
tion of small-sized donors. As the concentration of iron
atoms ng increases, the location of the maximum in the
K. (np) curve shiftstoward the range of small concentra-
tions np. As follows from our calculations, the maxi-
mum mobility is observed at small-sized donor concen-
trations np,, < 2 x 10 cm=3,

The influence of small-sized donors on the electron
mobility in HgSe : Fewasfirst studied in [9]. The com-
putational scheme used in this work involved two
inconsistencies. First, the calculations were based on
the basi ¢ equation of the theory for the determination of
the hard sphere diameter, which was postulated in [2].
This equation has an incorrect asymptotics in the limit

ne — ne and, hence, cannot be used for the descrip-
tion of correlation in the arrangement of ironions. Sec-

ond, the authors of [9] assumed that g’ () = g’ (q).
However, correlations in the mutual arrangement of
iron ions and correlations in the arrangement of iron
ions with respect to a spatially fixed small-sized donor
ion aredescribed by different correlation functions. Itis
natural that the results obtained in the present work
quantitatively differ from the results derived in [9],
even though the essence and the main features of this
phenomenon were correctly described and interpreted in
[9]. Inthiswork, the dependence of the electron mobility
on the concentration of small-sized donors was experi-
mentally investigated using HgSe : Fe samples doped
with Ga(ng = 10*° cm 3, and ng, = 0.2 x 108 cm®). Ran-
domly arranged Ga atoms are ionized, because they
correspond to the metallic side of the Mott transition,
and represent small-sized donors whose concentration
can be determined experimentally. The concentration
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u, 10* cm?/V s
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100
ng, 10'8 cm™

1000

3

Fig. 3. Dependences of the mobility p on the concentration
of iron atoms ng: (1) the mobility p, determined by the
impurity ion scattering and (2) the mobility g due to scat-
tering by neutral iron atoms. The heavy line indicates the
total mobility p associated with the scattering by impurity
centers. Points are the experimental data taken from (a) [12],
(b) [11], (c) [13], and (d) [14].

of intrinsic small-sized donors in these samples was
assumed to be negligibly small as compared to the
concentration of Ga atoms. However, the study of
these samples did not allow the authors to reveal a
nonmonotonic character of the p,(np) dependence.
The reason for the negative result can easily be seen
from Fig. 2, in which calculated curve 4 corresponds
to ng = 2 x 10*° cm3. Actually, according to our calcu-
lations, the mobility at np = 0 islarger than that at np =

2 x 10%8 cn3. In order to find the nonmonotonic behav-
ior, itisnecessary to have a set of sufficiently pure sam-
ples with Ga concentrations in the range 0 < ng, < 2 x
10%8 cm3. Moreover, it is desirable to choose samples
with low iron concentrations n: > 4.5 x 108 cm3, Inthe
wake of the work [9], the effect of Ga on the electron
mobility in HgSe : Fe was considered in [10]. The cal-
culations in this work were based on the equation for
the determination of the hard sphere diameter, which
was postulated in [8]. In our work, it was demonstrated

that this equation in thelimit n. /n; — 1 hasan incor-
rect asymptotics and overestimates the rate of increase

in the packing coefficient by one order of magnitude
with an increase in the concentration of iron atoms.
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Fig. 4. Dependences of the mobility p on the concentration
of iron atoms ng at different concentrations of small-sized

donorsnp, 1018em=: (1) 0, (2) 1, (3) 1.5, (4) 2, (5) 2.5, and
(6) 3. Points are the same experimental dataasin Fig. 3.

Hence, we will not compare the estimates obtained in
[10] with the results of our calculations.

Now, let us dwell on the contribution from the elec-
tron scattering by neutral iron atoms to the mobility. As
follows from formulas (11), the total electron mobility p
is expressed in terms of the mobility |, associated with
the scattering by impurity ions and the mobility i, dueto
the scattering by neutral impurities through the formula

=t + pgt. Here, 1o = A/(n: — nt ), where A is the
constant independent of the concentration of neutral iron

atoms. The constant A was determined from the experi-
mental data taken from [11], according to which

U =2.2x 10* cn?/V s at the concentration of iron atoms
N = 5.8 x 10%° cm3. At this concentration ng and the
concentration of small-sized donorsn = 1.5 x 108 cm3,
the calculated mobility 1, isequa to 1.9 x 10°cm?/V s
and the constant Ais 1.46 x 10 cmt Vs,

Theresults of calculations of the mobility for theide-
aly pure sample (ny = 0) areshownin Fig. 3. Astheiron
concentration increases, the mobility p, (curve 1)
increases as aresult of a partia ordering in the arrange-
ment of ironions, and the mohility |, (curve 2) decreases
owing to an increase in the concentration of neutral iron
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atoms that are spatialy arranged in a random way. As a
consequence, the dependence of the total mobility p on
the concentration ng exhibits amaximum. The maximum
mobility p =9 x 10* cm?V sisreached at the concentra-
tion of iron atoms n = 5 x 10'° cm3, Inthiscasg, W, =
1.2 x10° cm?/V sand Y, = 3.2 x 10° cm?/V s. The exper-
imental datadisplayedinFig. 3 aretaken from[11-14].
In experiments, the maximum electron mobility u =
1.1 x 10° cm?/V swas observed at the iron concentration
ne = 2 x 10 e 3, It should be remembered that the cal-
culated datashownin Fig. 3 were obtained for theideally
pure sample (np = 0). Inreal HgSe : Fe samples, the con-
centration of small-sized donors that are spatialy
arranged in arandom manner can be ashigh asny =2 x
10 cmr3. Since the presence of small-sized donors at
concentrationsin therange 0 < np < 2 x 108 cmr2 favors
an increase in the degree of ordering in the system of
impurity ions, we calcul ated the mobilities p(ng) at dif-
ferent concentrations n,. Curves 1-6 in Fig. 4 corre-
spond to the concentrations ny = 0, 1, 1.5, 2, 2.5, and
3 x 10 cm3. According to our calculations, the maxi-
mum mobility p=9.5 x 10* cm?/V sisobserved at np =
10%8 cm3 (curve 2). At concentrations np > 108 cm=,
the electron mobility decreases with an increase in the
concentration of intrinsic donors.

5. CONCLUSION

Thus, in the present work, the basic equation of the
theory proposed in [3] for theideally pure sample (np =
0) was generalized to the real case of systems contain-
ing a sufficiently large amount of small-sized impurity
donors. The application of the developed theory to the
specific case of HgSe : Fe made it possible to calculate
the dominant contribution (more than 80%) to an
increase in the mobility. In our opinion, a good agree-
ment with the experimenta data suggests that the the-
ory advanced can be useful for interpreting experiments
related to investigations of interimpurity correlationsin
semiconductors.
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Abstract—The mechanism of the emf appearing in a semiconductor under heating in the absence of external
temperature gradients, an effect revealed by the present authors, is considered. The experiments were performed
on samarium sulfide (SmS) single crystals. It is shown that the emf is generated by an abrupt change in the
samarium ion valence, which results from theion screening by the electrons activated into the conduction band.
We succeeded in obtaining emf pulses 1.3 slong with an amplitude of upto 2.5V at T~ 460 K, aswell asCW
emf generation within the 375- to 405-K temperature interval with amaximum value of ~50 mV. © 2001 MAIK

“ Nauka/Interperiodica” .

Earlier, we reported on the anomalous behavior of
the thermopower in samarium monosulfide (SmS) sin-
gle crystals at T = 435455 K, which consisted in the
generation of emf spikes of amplitude larger than
10 mV [1]. This effect was assumed to be connected
with the semiconductor—metal phase transition in SmS.
This work aimed at studying this effect and revealing
the mechanism of the emf generation in the course of
the phase transition.

Samarium monosulfide undergoes an abrupt isos-
tructural (NaCl-NaCl) transition from the semicon-
ducting to metallic state after the electrons have
reached a critical concentration in the conduction band
[2]. This concentration has been experimentally
reached in two ways to date, namely, by doping SmS
and by acting on a sample mechanically [3]. In the |at-
ter case, the phase transition can be induced by a pres-
sure (hydrostatic, uniaxial, indentor) which is the low-
est on record for semiconducting materials [3-5]. The
mechanism of this phase transition is based on the
screening of the samarium-ion electric potential by the
conduction electrons. The pressure-induced transition
proceeds in two stages: (1) an abrupt increase in the
conduction electron concentration through activation
from ions which occupy interstitial lattice sites and
have an activation energy E; ~ 0.045 eV (Sm?* —

Sm3* + &) and (2) asimilar change in the valence state
of the samarium ions sitting at | attice sites through acti-
vation of electrons from the 4f levels with an activation
energy E; = 0.23 eV. Both transitions are of the Mott
type and terminate in the expulsion of the E; impurity
levels and of the 4f® levels into the conduction band.
Stage (1) stimulates stage (2) in that it donates electrons
to the conduction band in a sufficient amount [6]. The
realization of stage (2) is also made possible by the fact

that, at the critical phase-transition pressure (650 MPa),
the 4f®|evel s approach the conduction band bottom by
~0.1 eV, so that their pressure-induced shift is
~0.16 meV/MPa[1].

This work considers the possibility of inducing a
phase transition by heating SmS single crystals. Heat-
ing within the temperature interval studied can stimu-
late only stage (1) of the phase transition [1]. Because
the concentration of the interstitial samarium ions in
SmSis N, ~ 10?%° cm~3 [6], the conduction band should
acquire ~10°° cm3 additional electrons. However,
impurity ions are distributed nonuniformly over the
sample volume; therefore, the Mott transition in the
defect system should not occur simultaneously
throughout the sample. Asaresult, a concentration gra-
dient of the conduction electrons will appear. Thus, by
measuring the signal from two arbitrarily chosen points
of the sample, one will generally observe the genera-
tion of an emf. It isthis consideration that governed the
configuration of our experiments.

Besides the emf measurements, we studied the ther-
mal regimes of the sampl e regionsto which the emf sig-
nal wires were connected, as well as the temperature
variation dynamics in these regions. The temperature
was measured by two copper—constantan thermocou-
ples attached to the opposite end faces of the sample.
The emf signal was obtained from the same faces. The
sample was placed into an ampoule not much larger in
volume than the sample and filled with vacuum oil. The
ampoule was mounted in a container, likewise filled
with oil and also with SIO, powder to preclude convec-
tive flows. The container was suspended inside a vessel
with oil which was heated. In thisway, we succeeded in
eliminating practically al the temperature drops form-
ing over asample under heating and, as a consequence,

1063-7834/01/4303-0439%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Dynamics (1, 2) of temperature variation at the sample end faces, (3) of their temperature difference, and (4) of the emf gen-
erated in the course of the heating and cooling of a SmS single crystal.

parasitic emf signals. The signals from the two thermo-
couples were computer processed and displayed in the
course of the experiment.

The samples were SmS single crystals ~2.5 x 2 x
1 mm in size, which were cleaved along the [100],
[010], and [001] planesfrom alarger single crystal and
had a conduction electron concentration n = (3—4) x
10%8 cm3. This value was derived from Hall measure-
ments made on a large number of single crystals
cleaved from the large crystal investigated and reflects
not the measurement error but the expected difference
in the values of nin the different regions of the samples
studied.

Figure 1 plots the temperatures of both end faces of
the sample (curves 1, 2), the difference between their
temperatures (curve 3), and the output signal (curve 4)
versustime.

The temperatures of the end faces are seen to vary
synchronously under heating, which implies the
absence of atemperature gradient across the sample. A
similar situation is observed when the sampleis cooled
down to T = 440 K. At this temperature, the sample
undergoes a jumplike drop in temperature recorded
simultaneoudly at both its faces. This drop is equal to
AT = 28 K. Asthe temperature is further decreased, the
temperatures of the two end faces vary differently;

PHYSICS OF THE SOLID STATE \Vol. 43

namely, the temperature of one of them decreases
smoothly (curve 1), whereas that of the other exhibits
irregular downward deviations (curve 2). This behavior
is accounted for by the generation of an emf (curve 4).
Note the following features of the effect, which are in
agreement with its proposed model: (1) Depending on
the actual temperature, SmS can exist in two states
(phases). (2) The transition from the high- to the low-
temperature region involves an absorption of thermal
energy. (3) Generation takes place only if the sample
regionsto which the signal wires are attached are at dif-
ferent temperatures.

Consider these features in more detail.

(1) Because the temperature T = 440 K separating
the regions of existence of the two assumed SmS states
lies in the region of thermopower (a) anomalies, we
may invoke here the data of [1]. While the low-temper-
ature phase of SmS is obvioudy its semiconducting
state, which is characteristic of room and lower temper-
atures and has a conduction-€lectron activation energy
E; = 0.05 eV, the high-temperature phase has a conduc-
tion activation energy of ~0.2 eV. The two phases also
differ in the temperature dependence of the ther-
mopower; namely, the low-temperature one exhibits a
decrease in a with increasing T, which is typical of
semiconductors, whereas in the high-temperature
phase, a issmall, constant, and even rises slightly with
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Fig. 2. Determination of the characteristic time of the SmS
single-crystal transition from the high- to low-temperature
phase (the point-to-point time interval is 0.1428 s).

T [1]. Within the proposed model of the effect, the
abrupt increase in the activation energy to avalue close
to that of the samarium ion 4f levels, E; = 0.23 eV, can
be explained as being due to the disappearance of the E;
states as aresult of the Mott-type phase transition (ion-
ization of all Sm?* interstitials with increasing temper-
ature). The behavior of a(T) is in agreement with this
explanation [1].

(2) The absorption of energy in the transition from
the high- to the low-temperature phase may be associ-
ated with the structural changes the SmS undergoes
when the interstitial samarium ions transfer from the
tri- to divalent state, because the radius of Sm3* is con-
siderably larger than that of Sm3* (1.14 and 0.96 A,
respectively [7]). We attempted to estimate the charac-
teristic transition time 1 from the duration of the jump
in T. Figure 2 presents the dependence of T on timein
the region of the jump, which was obtained in the same
conditionsasthe curvesin Fig. 1, but in another heating
cycle of the sample. The measured valueist ~0.1s.! It
is small enough to permit a rough estimation of the
energy expended in the phase transformation of the sam-
ple, Q = cvAT, wherec = 1.8 J(cm? K) isthe heat capac-
ity of the semiconducting SmS[8] and v = 0.005 cm?® is
the sample volume. TheresultisQ = 0.23 J. Thisyields
46 Jem?3 (8.3 x 10° Jkg) for the specific energy of the
phase transition under study. This value is less by two
orders of magnitude than the metal—semiconductor
phase-transition energy in SmS|[8, 9], which isin good
agreement with the fact that, according to the model
under consideration, the number of samarium ions
transferring from the tri- to divalent state in the SmS
metal—semiconductor transition is larger by two orders
of magnitude than in our case (~10% and 10%° cm3,

respectively).

1 Thisvalue may proveto be an overestimate because of the limited
possibilities of this experiment.
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Fig. 3. Temperature dependences of the thermopower of
SmSsingle crystals: (1) dataof Fig. 1 and (2) from[1].

(3) The last feature gives one grounds to maintain
that the emf generated in this experiment originates
from the thermopower. In this case, the temperature
gradient across the sample arises due to the transition
from the high- to low-temperature phase proceeding
incoherently over the sample volume. This can be veri-
fied by calculating the temperature dependence of the
thermopower from the data in Fig. 1, i.e., by dividing
the values of the emf on curve 4 by the values of AT
taken from curve 3. The a(T) relation obtained in this
way for the 385- to 415-K interval, where AT # 0, isdis-
played in Fig. 3. It behavesin agreement with the a(T)
relation obtained in [1], which attests to the mecha
nisms of the effects having a common nature.

One can thus maintain that one of the mechanisms
of the emf generation observed under heating of SmS
single crystals consists in the onset of temperature gra-
dients in the sample volume as the system of strained
samarium ions undergoes local phase transitions, and it
is these gradients that generate the emf by the conven-
tiona thermoel ectric mechanism.

The maximum value of the gradient recorded in our
experiment is AT = 125 K. Considering that a in SmS
does not exceed 100 uV/K for T = 400 K, the magni-
tude of the emf generated by the above mechanism
should not exceed 12 mV. However, emf spikes as high
as 80 mV were observed [1], which certainly cannot be
fully accounted for within this mechanism of the effect.

The maximum emf spike that we succeeded in
detecting in this work was 2.5V in a pulse 1.3 s long
(Fig. 4). The pulse occurred at the temperatures of the
sample end faces equal to 445 and 480 K, respectively.
This pulse may be due to a large conduction-electron
concentration gradient setting in at the phasetransitionin
the strained samarium ion system (Sm?* — Sm* + &),
which occurs locally near one of the end faces. As fol-
lows from an electrostatics calculation, generation of a
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Fig. 4. Maximum emf pulse obtained when heating a SmS
single crystal.

potential-difference pulse with an amplitude of 25V
may be expected for the actual sample and contact geom-
etry if aphase transition takes place in aregion of radius
~0.2 um.2 This second mechanism of emf generation is
more sengitive than the first one to selection of the points
of wire attachment to the sample, aswell asto the actual
conditions of heat influx and removal. By properly vary-
ing these experimental parameters on a larger single-
crystal SmS sample measuring 9.5 x 5 x 5 mm and hav-
ing n = 2 x 10 cm3, we succeeded in obtaining CW
generation with asignal of ~50 mV (Fig. 5). Thissignal
may be assumed to be an envel ope of alarge number of
pulsed signals. Theregion wherethiseffect is observed,
375405 K, is shifted toward lower temperatures com-
pared to the one recorded in [1], which isin accord with
the proposed model, because the magnitude of n in this
sample was higher than that in the sample studied in [1].

Thus, heating SmS single crystals gives rise to emf
generation. This effect is associated with a change in
the samarium ion valence as a result of a Mott-type
phase transition occurring in the system of impurity
(interstitial) Sm?* ions. There are two grounds for the
generation of the emf: (i) the onset of temperature gra-
dientsinthe sampleasaresult of absorption and release
of the phase-transition energy and (ii) the formation of
conduction-€l ectron concentration gradi ents because of
achangein thevalence Sm?* == Sm3 + e. Theresults
obtained, in particular, those presented in Fig. 4, sug-
gest the possibility of applying this effect to the conver-
sion of thermal to electrical energy.

2 We calculated the potential difference between two points (where
the wires were attached to the sample) of the electrostatic field of
a sphere (the sample region where the phase transition occurs),
which was charged uniformly with a volume charge density p =

10%e cm and was placed in amedium with adielectric permit-
tivity € = 18 (semiconducting SmS[10]).
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Fig. 5. Temperature dependence of the emf generated in a
heated SmS single crystal.
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Abstract—The absorption spectra of Tl; _,Cu,InS, single crystals (x = 0; 0.005; 0.010; 0.015) are interpreted
using experimental data. The allowed interband direct transitions are determined, and the energy gap, binding
energy, temperature-shift coefficient, Bohr radius, and reduced effective mass of the exciton are estimated. ©

2001 MAIK “ Nauka/Interperiodica” .

An investigation of the physical properties of

TIMCY' compounds (M is In, Ga; C is S, Se, Te) and
solid solutions based on these compounds is of practi-
cal importance in establishing the relationship between
the properties and the composition of these materias
and in controlling their optical properties.

According to crystallographic data, layered TIInS,

single crystals are described by the Cgh —C2/c space

group. Thereare 16 TIInS, formulaunitsin the unit cell
and Z = 8 inthe primitive cell [1]. It has been shown [2]
that the fundamenta absorption edge in TIINS, crystals
correspondsto theenergy 2.512 eV at 77 K and 2.363 eV
at 300 K. Two exciton peaks at 2.58 and 2.87 eV have
been revealed in the absorption spectraof TIINnS, single
crystals at 10 K [3]. It is aso known [4] that CulnS,
crystals have adirect band gap and are characterized by
a large absorption coefficient (o = 10* cm™), which
makes them a perspective material for fabricating pho-
tocells.

It seemsto be of interest to study the TIInS,—CulnS,
system, namely, the effect of the partial replacement of
thallium ions by copper ions on the exciton characteris-
ticsof layered TlInS, single crystals. Such an investiga-
tion isthe subject of the present paper.

To determine the mutual solubility of the TIINnS,—
CulnS, compounds, samplesof the Tl; _,Cu,InS, aloys
were fabricated by fusing stoichiometric alloying com-
positions in quartz ampoules, pumped down to a vac-
uum of 1.3 x 102 Pa, by the two-temperature synthesis
method. The differential thermal and x-ray phase anal-
yses were used to control the single-phase state of the
alloys over the entire concentration interval. The equi-
librium diagram of the TIInS,—CulnS, system [5] was
constructed on the basis of the data of the differential
thermal and x-ray phase analyses and resistivity mea-
surements. Thisdiagram isaquasi-binary section of the
guaternary TI-Cu-n-S system and represents an
eutectic diagram (the eutectic alloy contains 50 mol %
TIINS, and CulnS, and melts at 995 K) with the solid-
solution regions restricted to 3.0 mol % on the TIINS,

side and to 2.0 mol % on the CulnS, side. The layered
Tl, _,Cu,InS, single crystals with x = 0; 0.005; 0.010;
0.015 were grown by the Bridgman—Stockbarger
method.

TheTl, _,CulnS, samples used to measure the opti-
cal properties were obtained by cutting massive single
crystals along the natural cleavage plane and were
approximately 20 pm thick. When making measure-
ments, the cleavage plane of the crystals was oriented
perpendicular to the optical axis of the experimental
setup. The exciton spectra of the Tl _,Cu,InS, samples
were studied on aspecia setup for integrated investiga-
tions of the optical and photoelectric spectra of semi-
conductor crystals by modulation spectroscopy meth-
ods. The setup was based on a KSVU-6M computing
complex, which makes it possible to automate record-
ing and mathematical processing of the spectra. The
setup resolution was 0.1 meV. The investigations were
performed in a wide temperature range by using a

Absorption coef., arb. units

4600
A A

4900 4800 4700

Fig. 1. Absorption spectra of a TIInS, single crystal at dif-
ferent temperatures: (1) 20, (2) 40, (3) 60, and (4) 80 K; the
crystal thicknessis 23 um.

1063-7834/01/4303-0443%$21.00 © 2001 MAIK “Nauka/Interperiodica’



Absorption coef., arb. units
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Fig. 2. Absorption spectra of the Tl gg5Cug ggs5INS, single
crystal at different temperatures: (1) 20, (2) 70, (3) 120, (4)
140, (5) 160, and (6) 180 K; the crystal thicknessis 20 um.

helium optica cryostat UTREKS with a temperature-
stabilizing system (the stabilization precision was
0.02 K). The optical measurements were carried out in
the temperature interval 20200 K.

Figure 1 shows the absorption spectra of a TlInS,
single crysta at different temperatures. The spectra of
Tl; _,CulnS, crystalsat x = 0.005, 0.010, and 0.015 are
showninFigs. 2, 3, and 4, respectively. Thewavelength
range investigated was 4600-5050 A.

The investigation of the absorption spectra of the
Tl _,Cu,lInS, single crystal s showed that the absorption
edge shiftsto higher energies with decreasing tempera-

MUSTAFAEVA et al.

Absorption coef., arb. units

4600
A A
Fig. 3. Absorption spectraof the Tl ggCUg 01/NS, Singlecrys-

tal at different temperatures: (1) 20, (2) 60, and (3) 80 K; the
crystal thicknessis 18 um.

4800 4700

ture, and a clearly pronounced absorption band associ-
ated with direct transitions to the exciton state was
observed in the vicinity of the fundamental absorption
edge. An exciton peak at 2.58 eV was reveded in
TIInS, at 20 K (Fig. 1). As was mentioned above, the
same exciton peak in TIINS, was also revedled in [3] at
10 K. As the temperature decreased from 200 to 20 K,
the exciton absorption maximum shifted to higher ener-
gies.

It can be seen from Figs. 1-4 that, for the crystals
studied, the intensity of the exciton peaks decreases
only slightly with the temperature growth from 20 to
80 K and diminishes considerably with a further

Table 1. Energy positions of the maximaof the exciton peaksin the Tl, _,Cu,InS, single crystals (x = 0; 0.005; 0.010; 0.015)

at different temperatures

TK E¥(n=1), eV
, THnS, Tlo.995CUo,005INS; Tlo.99Clg 11INS; Tlo.985CUp 015NS,
20 2.5800 2.5483 2.5609 2.5493
30 2.5462
40 2.5758 2.5452 2.5583 2.5457
50 2.5415
60 2.5680 2.5389 2.5504 2.5415
70 2.5337
80 2.5588 2.5301 2.5415 2.5327
90 2.5255
100 2.5198 2.5332 2.5229
110 2.5137
120 2.5091 2.5249 2.5127
140 2.5250 2.4990 2.5132 2.4995
160 2.4870 2.5005 2.4880
180 24741 2.4890 2.4750
200 2.4915 2.4775 2.4608
PHYSICS OF THE SOLID STATE Vol. 43 No.3 2001
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increase in temperature from 80 to 200 K. In addition,
the exciton peaks broaden noticeably with increasing
temperature. In comparison withthe TlInS, singlecrys-
tals, the exciton absorption band in the Tl,_,CulnS,
single crystals was shifted to lower energies. The ener-
gies corresponding to the exciton-peak maxima at dif-
ferent temperatures are presented in Table 1.

As can be seen from Figs. 1-4, broadening of the
exciton absorption band was observed with an increase
in the content of copper in the crystalsinvestigated.

Figure 5 shows the temperature dependence of the
spectral position of the maximum of the exciton
absorption band in the Tl ¢gsCUg 0151NS, single crystal
(curve 2). The E¥(T) dependencefor TlInS, isalso pre-
sented here for comparison (curve 1). The experimental
E®(T) dependence is characterized by two slopes. In
theinterval 20< T < 60 K, the temperature-shift coeffi-
cient of the exciton peak in TIInS, is 0E¥/0T = —2.8 x
104 eV/K; intheinterval 60 < T< 200K, it is—-5.8 x
104 eV/K. Partia replacement of thallium ions in
TIINS, by copper ions affects the temperature-shift coef-
ficient of thisexciton peak only dightly. For example, for
Tlo.0esClUg 051 NS,, We have 0E*/0T = —2.2 x 104 eV/K
withintheinterval 20< T<60K and 6.1 x 10 eV/K
within theinterval 60 < T < 200 K.

Along with the main exciton band, a second band
corresponding to n = 2 was observed at low temperatures
(T =20K) inthe absorption spectraof theTl, _,Cu,InS,
crystalsat x = 0; 0.005; and 0.010 (Figs. 1-3). The sec-
ond exciton peak was highest inthe TlInS, crystals. The
amplitude of this peak decreased with an increasing
content of copper, and, finally, at x = 0.015, the second
exciton peak was not reveadled at al (Fig. 4). Using the
energy difference between the maxima corresponding
to the ground and first excited exciton states, we deter-

mined the exciton binding energy E;" in the crystals
studied (Table 2).

It should be pointed out that the exciton binding
energy grew as the content of copper inthe TlInS, crys-
tals increased. From the low-temperature (T = 25 K)
data on the absorption spectra of the TIInS, single
crystals[6], the exciton binding energy was cal cul ated
to be 25 meV. This result is consistent with our data.
The obtained values of the exciton binding energy
made it possible to estimate the exciton Bohr radius
(a*) and reduced effective mass (m*) of the excitonin
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Fig. 4. Absorption spectra of the Tl ggsCuUg g15INS, single
crystal a different temperatures: (1) 20, (2) 60, (3) 100,
(4) 140, (5) 160, and (6) 180K ; the crystal thicknessis 17 um.
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Fig. 5. Temperature dependence of the energy position of the
maximum of the exciton absorption band in the (1) TIINS,
and (2) Tlg ggsCug 015/NS, single crystals.

the Tl, _,Cu,lnS, crystals whose values are also pre-
sented in Table 2. The value of the dielectric constant
(e =11) usedin calculating a* and m* was taken from

[7].

Table 2. Exciton characteristics of the Tl; _,Cu,InS, single crystalsat T =20 K

- Crystal EX, eV ES, eV e
Crystal composition| ., . 1o 2 E, , meV a*, A m
thickness, pm (n=1) (n=2) b
TINS, 23 2.5800 2.5947 20 33 0.17my
Tlo.995CUg.00s1NS, 20 2.5483 25710 31 21 0.27my
Tlo66Clg,02INS, 18 2.5609 2.6012 54 12 0.46m,
PHYSICS OF THE SOLID STATE Vol. 43 No.3 2001
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Using the values of the exciton binding energy, we
also determined the energy gap. For example, at T =
20 K, Eyisequal to 2.60 eV for TlInS, and 2.5793 eV
for Tlp,995CUg g5 NS,

Thus, it can be concluded that partial replacement of
thallium by copper in TIInS, single crystals resultsin a
modification of the absorption spectra and a changein
the exciton characteristics, which makes it possible to
control the optical parameters of these single crystals.
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Abstract—The quantum mechanics of an electron—nuclear system with strong electron—phonon coupling is
considered. First, atwo-site model istreated in the adiabatic approximation. As the coupling constant increases,
electron transfer undergoes qualitative changes;, more specifically, a potential barrier forms in the adiabatic
potential, the electron transfer becomes associated with the tunneling of nuclei through the barrier, and the level
splitting in the system falls off exponentially. The properties of asimilar crystal model arediscussed. Itisshown
that electron transfer in acrystal inthe case of strong coupling islikewise associated with the tunneling of nuclei
through barriers in the deformation space. Strong coupling modifies the electron—electron interaction terms.
The Hamiltonian (exchange) terms, which are not associated with electron transfer, are only weakly modified.
At the sametime, the termsinvolving transfer (the band terms) undergo exponential reduction and vanishinthe
limit asM — o (M istheion mass) and the carriers become small polarons. This reduction provides a basis
for the natural mechanism of enhancement of the isotope effect. © 2001 MAIK “ Nauka/Interperiodica” .

Recent years have witnessed increasing interest in
phenomena associated with strong electron—phonon
coupling (the polaron effect). Thisinterest wasinitiated
by the observation of a colossal magnetoresistancein a
number of manganates (a discovery promising a con-
siderable application potential), which stimulated
intense investigation of their properties (structural,
magnetic, optical, transport, etc. [1-5]). One of the
most important results of that investigation is certainly
the establishment of the essentia role of electron—
phonon coupling (EPC), in particular, of polaron
effects, which should be taken into account when inter-
preting experimental data. Note the discovery of agiant
isotope effect in these compounds [6]. It was found [7]
that substitution of O for the O'° isotope transferred
some insulating manganates to the conducting state;
that is, isotope substitution changed the nature of the
ground state. This phenomenon could hardly be possi-
ble in the absence of a mechanism of enhancement of
the isotope effect, which is readily realized under
strong EPC.

Earlier, attention was focused on polarons in con-
nection with the discovery of high-temperature super-
conductivity, where the bipolaron model [8] was con-
sidered as acandidate capabl e of interpreting the mech-
anism of the phenomenon. Irrespective of the success
(or failure) in thisfield, the interest in this model as an
alternative to the BCS theory is fully justified and its
study may reveal a number of characteristics of the
superconducting state which the BCS model |eaves
unclarified.

This paper reports a study of the behavior of an elec-
tron interacting with lattice vibrations as a function of
the strength of this interaction, which is made within the
adiabatic approximation. We consider the smplest one-

electron two-site model (a pair of cation—anion com-
plexes), which allows detailed investigation of its
properti es.! This model is used as a basis to discuss
how these properties manifest themselves in a crystal.
Itispointed out that for a strong enough EPC, anumber
of characteristics of the crysta undergo qualitative
changes. In particular, the Hamiltonian terms describ-
ing electron—electron interaction become substantially
modified.

1. ADIABATIC POTENTIALS
IN THE TWO-SITE MODEL

The Hamiltonian of the two-site model under study
has the form

H =Hy+V, Hg=T+U(Xy, Xyp),

1,.2 .
T= En(pi-'- p3),
1
_ Mo’ (X +x5) @

v 2

’\/ég(ﬁlxl + M%),

Vo= -)(a18,+8,8), =84,
where p, = ikd/dx is the momentum operator of

nucleus i; & and & are the operators of creation and
annihilation of the electron at sitei, respectively; i = 1, 2;

1 The usefulness of such a study was pointed out by usin [9]. Note
that this model treated in terms of the adiabatic approximation
was the subject of investigation in numerous publications. How-
ever, we have found it reasonable to give here a fairly complete
account of it, while focusing attention on the points of particular
significance for crystals.

1063-7834/01/4303-0447$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Two-site model. Filled circles are anions and open
circles are cations.

M and w are the nuclear mass and vibration frequency,
respectively; x; is the nuclear coordinate; g is the EPC
constant; and J is an energy constant depending on the
wave function overlap of electrons at different sites and
determining the electron level splitting at g = 0. The
Hamiltonian in Eq. (1) is invariant under a simulta-
neous interchange of indices (1, 2) — (2, 1) of the
electronic and nuclear operators (see [9]). We shall
limit ourselves here to considering only the one-elec-
tron states, which makes valid the relation

n,+n, = 1. (2

A possible redlization of this model is shown in
Fig. 1, wheretwo identical cation—anion complexesare
depicted. The complex consists of four anions which
are located at the vertices of a rhombus centered on a
cation. The electron migrates among the cations. It is
assumed that deformation changes only the length of
the rhombus diagonal. The deformation may be charac-
terized by the position x; (i = 1, 2) of one of the vertices.
The reckoning is done from the equilibrium position in
the absence of the electron.

In the one-electron problem, the EPC in this model
depends only on the difference x; — X,. In our earlier
study [9], we considered only the two-site model and,
therefore, the terms depending on x; + X, were dropped.
Having in mind an analysis of a more general model,
we intend to retain both variables x; and x, up to a cer-
tain moment. [All the parameters of the Hamiltonian in
Eg. (1) coincide with those introduced in [9], but the
energy is displaced by —g%/2Maur.]

Now, we shall ook for the steady-state wave func-
tion of Hamiltonian (1) in the form

W = Cy(Xy, X2) 8100+ Cy(xy, X,)a,/00] ©)
The quantities C;(x,, X,) satisfy the coupled equations

Hi(Xy, X2)C, +JC, = ECy,
JCy + Hz(xl;xzicz 2= EC,, @)
+
Hi(X) =T+ M _/\/igxi_

2
We determine the adiabatic potentials E,(X;, X,) by
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dropping the kinetic energy termsin Eq. (4),

2 2+ 2
%I\M_ﬁgxl_E%zl+ ‘]CZ = 0’
(5)
Mw’(X; + X3)
ICy+ o2~ 29%,~EL, = 0,

and by equating the determinant of system (5) to zero,
A=E’+ EN20(%; + X,) + 29°%, %, — J* = 0,
S I ) ©)
E=E- —

The coefficients in Eq. (6) are symmetric functions of
X; and X,; therefore, the adiabatic potentials E, should
likewise be symmetric functions of x;, X,.

In the specific case of J = 0, there are two nonsym-
metric terms:

MW’ (X} + X5)

= > —29%,,
Mooz(x2 + x2) ¥
E, = +—«/_29X2-

For E; (X)) = —E,, these terms cross at the x; = X, line,
where E; = E, = Mw?X; — /2gx,. The equality sign
corresponds to x, = ./2g/Mu?. An arbitrarily small

finite value of J symmetrizes the potential, because the
terms diverge by £|J| at the x; point.

Introduce the variables z = x;/x, and x, = g/ My and
the notation:?

2 2.2
= 9 = M %o = i
Thus, we obtain for the adiabatic terms E,(X;, X,),
_ 0 2 2
E.(Xy, Xp) = Epgzl +2,—2(z, + 2,)
)

ZA/Bﬂﬁ 2D2+ n D Epes(z1, 2)

(seeFig. 2). (Notethat £,(z;, z,) are analytical functions
of z ,, because for real J # O, the branching points of
the functionsin Eq. (9) lie off the real axis. An excep-

2 The dimensionless parameter n does not depend on the ion mass
and is the most important characteristic of the adiabatic potential.
It coincides with the parameter n; introduced by Holstein [10]
(for other reasons) and defines the boundary between the large,
N1 > 1, and small, Ny <1, polarons. (Note that the quantity Ej in

Eq (8) is half the poI aron shift introduced in [10].)
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tion to the case is J = 0, where the derivatives suffer a

discontinuity.) For C,(z;, z,) and Cx(z, z,), we obtain

Ciz1,2) = ZDL_ _ZZ)//\/E %
0 J((zl—zz)/fz) +n20 W
i (a-2)l2 EL

Ciz,2) =
""a/ZD J((zl—zz)/fa 0

The extrema of the adiabatic terms are defined by
the expressions

0821, ) _ 27— ot .3 (212,12 -0,
o N@-2)1.2° +n*
0821, ) _ B (z,-2,)/4/2 -0
02 J(z-2)12) +

from which
2,+2, = /2, (11a)
(21-2,)0 1 E: 0. (lib)

L)L+

B iy e
The term E, has its only minimum at (1/./2, 1/.,/2) in
the (z;, z,) space. The term E_ also has a minimum at
point (1/./2, 1/./2), if n2> 1. For n? < 1, the (1/./2,

i ﬁ) point becomes a maximum, with two minima
appearing at the points

gu 1-n° 1- 1—n2%
0 J2 ° J2 D

and

EL—A/l—n2 1+A/1—nZEL
0o J2 =~ 2 0

Thus, in the absence of EPC (g = 0), the level surfaces
of the adiabatic potentials E,(x;, X,) are paraboloids of
rotation displaced vertically by +J, with minima at the
(O, 0) point. Introducing a nonzero EPC lowers the
symmetry (to reflection through the x; = x, plane and
rotation by Tt about the vertical axis passing through

X1 = Xof /2, %o = X/ +/2) and displaces the minimato the

(%] /2, %o/ J/2) point. If g exceeds the threshold value
0. (see Appendix 1) corresponding to n = 1, the lower
term E_ undergoes a qudlitative change, namely, the

extremum at point (Xy/+/2, Xy/+/2) splits into three
extrema, more specificaly, a maximum at (xy/~/2,
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Fig. 2. Adiabatic terms €.(2) = E(2)/E, of the two-site
model. +7, are the turning points for the Iowest energy level
hw 2. The region between them is classically inaccessible.

Xy ~/2) and two minima of equal depth. The adiabatic
change in deformation from one minimum to the other
is accompanied by an electron transfer between the
sites and involves overcoming the energy barrier in the

(X4, Xo) Space.
It is appropriate now to cross over to the variables
J2 J2
In these variables, the Hamiltonian in Eq. (1) will
take the form

H = Hg+V, Hy=T+U(X)+Uyx),

(12)

N
T_Zm(P+p)7

) ) (13)
U (X) = w_Ep,
U4 = MOX_ i hx,

where P and p are the correspondlng momentum
operators.2 The X-dependent terms in Eq. (1a) do not
couple with the electronic variables, and, therefore, in
an analysis of the electron system, it is sufficient to
retain only the U,(x) term in the Hamiltonian and to
look for the wave function in the form

W = (C,(x)ay + Cy(x)a;)[00] (38)

2001

3 The mode described by the Hamiltonian in Eq. (18) was used in
the classical papers of Holstein [10, 11], as well as in the treat-
ment of the problem of interband light absorption by a small
polaronin [12].
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The coupled equations (4) can now be recast as
H_(x)C,+JC, = EC,,
JC, +H,(X)C, = EC,.
In Eq. (4), we have introduced the notation

(48)

a2 2.2

- p L MwxX
R TY R

Equation (9) yields a relation for the adiabatic terms

(z= x/x),

E.(2) = E)(Z £2J7 +n°) =Ee(2), (93)

and, from Eq. (10), the C, and C, coefficients are found
to be

F gX.

C1=il'%|.$ Z_ 0

2 /22 + I’]2D
C, =

- Jd g, 2z O
[J],/2 /22+n2D

We now find the first and second derivatives of E.(2)
with respect to z to determine the extrema and renor-
malize the frequency:

(10a)

1 dE, 1 O
—— =271+ (23
E, dz 2+ r]2|:f
d’E, O 20
Ei 2~ = . 232 (14)
p dz O (Z+n%) U

The extrema of the adiabatictermsE,(2) lieatz=0

and
zZ=4zz, 2z, = iA/l—nZ, n<1. (25)

Note that E,|,-, = J. The upper adiabatic term E.(2)
has only one extremum, aminimum at z= 0. The lower
term, E_(2), hasitsonly minimumat z=0forn >1and
one maximum at z = 0 and two minima at z = +z_ for
n <1, sothat for n <1, thereisapotential barrier (see
Fig. 2). For the energies at the minimain Eqg. (15), we
obtain

E—E(Z) =_1-n2 (16)

plz=2z

The barrier height is the difference between E_(0) and
E(2):

E, = Ej(1-n)> (17)

The frequency renormalization is given by the termin
parenthesesin Eq. (14) for z=z.

& = (1+n)w’ (18)
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(the vibration mode corresponding to the minus sign
softens, and that corresponding to the plus sign hard-
ens). Atz=0, & = (1 £ n)w? Note that theion mass
enters Egs. (5)—16) only through the combination
My, which has the meaning of the el astic constant and
in fact does not depend on M. The dependence on M
appears only when solving the Schrédinger equation
with potential energy E.(X).

2. NUCLEAR VIBRATIONS

Now, let us take into account the term with the
nuclear kinetic energy. As can be seen from Eq. (5), the
coefficients C,(x;, X;) and C,(X;, X,) are determined to

within the factor x(x;, X,). Therefore, solutions Ct (x)
and C, (X) to the coupled equations (4a) should be
looked for in the form

Ci(x) = X()Ci(x), Ca(¥) = X(NCo(x);  (19)

in other words, the vibronic €l ectron wave function can
be written as

W = X()(Ci(Na+ Co(aiod  (20)

where C;(X) and C,(x) are defined by Eq. (10a). Note
that for z= z,,

_ . |1¥J1-n°
Ci(z) = % — 5
(21)
_J [1+41-n?
Cy(z) = m 5
andforz=0,
N _J1
C,(0) = iﬁ’ C,(0) |J|J§' (22

One readily obtains

T(X(X)C1(x)) + E.(x)X(X)Cy(X) = EX(X)Cl(X),(Zs)
T(X(X)Ca(x)) + EL(X)X(X)Ca(x) = EX(X)Ca(X).
Here, T(X) isthekinetic energy operator of thevibrating
system:

_ g pofd
X2 - pEQEpD del (24)
Taking into account the kinetic energy givesrise to the
appearance of a second dimensionless parameter (in
additionton):

v = J/hw. (25)
This is customarily called the adiabaticity parameter,
because the condition of applicability of the adiabatic
approximation is v > 1. Straightforward estimation
gives v ~ (M/m*)¥2 = k=2, where K is a fundamental
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parameter of the Born—Oppenheimer approximation
[13]. It should be stressed that it does not depend on the
EPC constant g.

As follows from Eq. (23), the x(x) function should
satisfy two different equations, which, generally speak-
ing, isimpossible. Thisimplies that the concept of the
adiabatic potential is valid only under certain condi-
tions imposed on the parameters of the problem.*
Indeed, the problem under study here has two length
dimension parameters, namely, X, = g/M«?, which is
determined by the actual form of the potential energy
and is independent of the nuclear mass, and |, =

Jnk/2Mw O /M, the oscillator length, which deter-
mines the radius of the nth oscillator state. The ratio
(1/%)? can be written as

I
X

SN

nfw
4Ep'

(26)

o N

If this ratio is small and the parameter ) is not too
small, then, for low energy levelsin Eq. (23), one may
neglect the action of the kinetic energy operator on the
Ci(x) functions and recast the first termsin Eqg. (23) in
the form C;(X)Tx(x). Then, Egs. (23) reduce to one
equation:

7% d°x

TV E.(X)Xx = EX.

(27)
For n < 1, the potential E_(X) describes two potential
wells separated by a barrier. If we formally make the
barrier infinite (by making J and E, infinite at a fixed
JIE, = 2n ratio), then in asteady state, the nuclear wave
function will be localized in one of the wells and its
amplitude in the other well will be zero. Each energy
level will betwofold degenerate and the wave functions
can be written as X (X —XyZ.) and X (X + X,Z.) and will not
overlap. The total electron—nucleus functions of the
doublet will be

1 +
W, , = X(x¥F xozc):/—_éE—A/lt J1-n’a;

+ &Jl: J1-n’a;Ho

Because of X being sharply decreasing functions, we
have replaced C;(x) in theright-hand part of Eq. (28) by
their values at x corresponding to the points of the min-
ima of the adiabatic potential E_. Obviousy enough,
the matrix element of any operator coupling the ¥, and
Y, states is zero. Therefore, the probability of electron
hopping between the sitesis zero. Note that in the states

(28)

41n order for Eq. (23) to be satisfied, one should look for a solu-
tion, in place of Eq. (19), intheform C; (X) + ACj(x). The limited

nature of the concept of the adiabatic potential isdiscussedin [13,
Chapter 4, AppendicesVII, VIII].
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in Eq. (28), there is a certain correlation between the
state of the vibrational system and the electron charge
distribution between the sites. For instance, in the ¥,
state, thefractions of the charge at sites1 and 2 are (1 +

J1-n%)/2 and (1 — /1 -n?)/2, respectively, with the
deformation being localized near site 1 (Fig. 1). Note
also that taking into account EPC in the adiabatic
approximation makes the electronic charge density
spread to the adjacent site 2 with a weight (1 —

J1-n?)%A4.
If the barrier height is finite, the x(X F X,z func-

tions overlap and the el ectron can now hop between the
sites, thus splitting the doublet in Eq. (28). We shall call
this situation at n < 1 the strong-coupling case (having
in mind strong el ectron—phonon coupling).

For n > 1, the barrier vanishes and the E, terms have
the only extremum, namely, a minimum at z, = O.
Recalling Eq. (22), the wave function can be presented
in the form

W = X(x)—lé(al'ia;)pﬂ (29)

7

Because both electron states have equal weights, the
above correlation no longer operates, as in the case of
EPC neglect. The part played by the EPC consists in
making the adiabatic potentials nonparabolic and in
producing corrections to the electron wave function.
For n > 1, the wave functions and the energies of the
low-energy states are close to the corresponding quan-
tities for the system in the absence of EPC (the weak-
coupling case):

YO(x) = wﬁf’)(x)%z(ai + a3) (0[]

E, =+]+ %H%@m.

[Here, lIJ,(]O)(X) are the eigenfunctions of the harmonic

oscillator.] The corresponding effects can, in principle,
be treated, making a perturbation expansion in weak
electron—phonon coupling.

Thus, in our system, we have arealization of one of
the two qualitatively different states described by
Egs. (28) and (29), depending on the presence or
absence of an energy barrier in the lowest adiabatic
term E_. This barrier is a consequence of the formation
of two minima in E_(x;, X,) for n < 1. The transition
between these two states occursin the vicinity of n =1,
where a singularity can exist in the parameter space.
Analytical study of the region of disappearance of the
barrier isfairly difficult to perform even in terms of the
two-site prablem. (It would be expedient to carry out
this study numerically on the basis of the above consid-
erations.)

(30)
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3. LEVEL SPLITTING
IN THE ADIABATIC APPROXIMATION

To find the level splitting, which originates from the
existence of an energy barrier in the lowest adiabatic
term, we shall use the quasi-classical approximation
(QA). Generally speaking, the QA isvalid for strongly
excited levels. However, the harmonic oscillator levels
determined in the QA coincide with their exact values.
Because the adiabatic potentials in our problem are
oscillator-like in the region of interest to us here, it can
be assumed that the QA also remains adequate in the
region of small quantum numbers n. In the strong cou-
pling case, the adiabatic potential E_(X) represents two
wells separated by a barrier (Fig. 2). A solution to the
problem on the splitting AE of adeep level with energy
E of the order of —&,, obtained for such apotentia inthe
QA isgivenin[14, problem 3, p. 208]:

AE = ﬁ—wexp [-)——IpdeL

p = J2M|E-E_(x)|.

(31)

The nuclear wave functions of the doublet can be
written as

Xe(X) = %2(¢1(x>i¢z<x)). (32)

where ¢;(x) is the quasi-classical wave function for the
ithwell. Theintegration is performed between the turn-
ing points a and b; @ is the frequency of classical
motion with energy E in the potentia well E_(x). [The
argument of the exponential in Eq. (31) decreases with
increasing excitation energy if tunneling occurs from
an excited state]

Consider the splitting of the lowest level with aquan-
tum number n = 0. The energy of this excitation (the

FIRSOV, KUDINOV

remains the same, so that the integral in the argument
of the exponential in Eq. (31) will be

+X.

1 _ 2k
ﬁ.[ de - ﬁwf(n)l
X (34
2
() = J1-nP-n’nz =l
Thus, in this case, we have®
hw 0 2E
AE = —expD ﬁwf(r])D (35)

In a number of cases, estimates can be made by
means of the approximate expression

f(n) = 1—n. (36)

In this approximation, in view of Eq. (32), the dou-
blet wave functions can be expressed through the wave
functionsin Eq. (28) in the form

W, = 2y, + ).

2

In contrast to Eqg. (28), they match the symmetry of the
Hamiltonian in EqQ. (1) [i.e., they possess a definite par-
ity under the interchange of indices (1, 2) — (2, 1)].
Note the structural similarity of these functions to the
wave functions in the strong-coupling approximation
(or the MO LCAOQ approximation in molecular theory),
where the steady-state wave function is constructed as
asuperposition of site-localized electron functionswith
universal coefficients determined by the symmetry of
the system. However, in this case, the localized
“atomic” functions are actually electron—deformation
complexes. This two-site model was studied in [9] in
the “antiadiabatic” limit v < 1 by using a perturbation
expansion in J, an approximation opposite to ours.® In
this model, there is an analog of the above barrier and,
hence, an analog of the splitting of the lower doublet.
This splitting J* was found to be

J* = Jexp(-2E,/hw).

(37)

(38)

zero-point energy) is #G/2, where & = wi/1-n’
[which coincides with Eg. (18)]. The result depends on
the product of the parameters nv = nz = J%/ (hwE,). For
N; < 1, one obtains

2f2 fiwE,exp pg (33)

For n; > 1 (to be more exact, in the adiabatic limit of
M — o), one can neglect the zero-point energy and
integrate from —x, to X,. The prefactor in Eq. (31)
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51n[11, expression (116)] for AE obtained by the WKB method is
presented without derivation. It coincides with our Eg. (33) to
within a factor of the order of unity (~0.87).

6 The question of the smallness parameter remains open. While the
condition v < 1 ensures decreased expansion terms with increas-
ing order, it is actualy not fully realistic, because it assumes the
quantity J (which is of the order of the electronic energy E,) to be

small compared with 7w, which is of the order of ~Eq/m/M (m
isthe electronic mass). At the same time, the expansion in powers
of J aso contains the combination J/2E, = n, i.e, a parameter
which is small in the strong-coupling case. In redlity, the expan-
sion in powers of aquantity of the kind of n%?~% may take place
[for instance, (nv)“2 = n2'?] and the condition of validity of the
approach in [9] will turn out to be lessrestrictive than v < 1.
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When Egs. (33) and (35) are compared with J* in
Eqg. (38), calculated to thefirst order in J, it is seen that
the quantity AE always contains aphonon exponential,’

but the prefactor J is replaced by (2./2/m) JAWE, or

#o/ Tt . Thus, whilein the adiabatic region the prefactor
J* is no longer substantially dependent on J8 the
dependence on this quantity becomes manifest in its
argument because of the factor f(n).

Note that, in Eqg. (35) for AE, only the quantities w

and w 0 +/1/M depend on the ion mass M. Therefore,
asM — « inthen < 1region, the value of AE decays

exponentially as exp(—/M ); in this limit, the electrons
are strongly localized at the sites and no charge transfer
takes place between the sites. As is shown in [9], this
exponential smallnessis present in al those terms of the
power series expansion in J that are responsible for the
splitting of theterm; that is, the presence was established
outside the bounds of the adiabatic approximation, with
the latter serving only as a method for summation of the
series. As for the terms responsible for the shift of the
doublet centroid (the corrections to the pol aron shift),
they remain finiteinthelimitasM — .2

In the weak-coupling limit, all terms of the pertur-
bative expansion in EPC for AE vanish for M —» oo
and the electronic states are delocalized and form an
unperturbed doublet with a splitting 2J:

l At At

P, = Tz(aliai)log E. = %J. (39)
Thus, depending on the value of the parameter n, the
problem under study allows two branches of solutions,
namely, the weak-coupling limitin Eq. (39) for n > 1 and
the strong-coupling limit in Eq. (28) for n < 1. The most
substantial effect of the strong coupling is the appear-
ance of the exponentially small factor exp(-E,/%iw),

which is capable of reducing some characteristic
parameters by several orders of magnitude. The expo-
nential in Eq. (35) also accountsfor the enhancement of
the isotope effect [6] Indeed, the replacement of a
nucleus of mass M with a nucleus of mass M + AM
resultsin Eq. (35) becoming multiplied by

0 EpAMg

EXpD hw MO (40)

7 Perturbation theory does not impose any restrictions on the mag-
nitude of the argument of the exponential in Eq. (38). However,
only the case of this argument being large in magnitude is of
interest.

8 Strictly speaking, the prefactor depends on J because of the
appearance of the factor 1 + r]2 [see Eq. (18)], which brings about
its additional decrease for the lowest (corresponding to the minus
szgn) term.

9 The prefactor scales with M as M~Y4 in Eq. (33) or as M2 in
Eq. (35).

10T his mechanism was considered in connection with the model of

the bipolaron superconductor [15].
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For aredlistic value A = 10 of the EPC parameter and
AM/M = 0.1, isotopic substitution should change the
magnitude of J* by e times, which can radically affect
the electronic characteristics (for instance, convert an
insulator to a metal). Therefore, the results of [7] can
also be treated as a weighty argument for the existence
of substances in which the above strong coupling is
realized.

Note that the “barrier” exponential, which resultsin
an effective decrease of J* (the “barrier effect”) and
accounts for the enhancement mechanism, appears
aready in the lowest order terms in J, with further
growth of Jfor n <1 only modifying it.

4. MODEL OF A POLARON CRYSTAL

Consider the simplest model of a crystal consisting
of the above cation—anion complexes, namely, aregular
n-gon, where n can be arbitrarily large. The Hamilto-
nian of this model can be written as

n 2

P Mcox
Z [2—— > L — 290, XmD
) (41)
- Z I(BnBm+ 1+ B 18m)-

The canonical transformation [16]
20 . -
|'| exp[h[g AP
(42)

= |_| eXpDi/\/éXO mme

eliminates the Hamiltonian terms linear in x; and trans-
forms the electron operators

~+

m = exp%’\/éxo pm%mv
43

5-m = expg_fli’\/éxobm%m-

The canonical transformation preservesthe commu-

tation relations, and, therefore, &', and a,, are Fermi
operators. We thus come to

i |“32 M’ X2 i
o= OPm m{]_
H ZlEiZm 2 O 2B, Zl
m= m=
o (44)
- Z ‘J(a am+1+am+1am)
m=1

The transformed operator &,, creates an electron at site
m and the corresponding optimum deformation. For
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n < 1, this complex is a small polaron. For J = 0, this
transformation exactly diagonalizes the Hamiltonian
and, in the strong-coupling case, n < 1, offers the pos-
sibility of constructing perturbation theory in J. For J =
0, there is n-fold degeneracy with respect to the site
index m. In the lowest energy state, all the oscillator
guantum numbers are zero and the polaron energy
spectrum is described by the band term of the Hamilto-
nian with a renormalized J* defined by Eq. (38) (the
polaron-induced band narrowing). The wave function
of a polaron with quasi-momentum k can be presented
in the form

Wi = zleik”‘exp%fzxo@mgmo(xb o Xo)an[OL]
: (45)
Bo(Xq, - %) = [ W6 (%)-
m=1

The region where the perturbation theory is valid is
bounded only by thev < 1 condition.

Consider this problem in the adiabatic approxima
tion. We proceed as before and finally obtain coupled
equations which can be used to determine the coeffi-

cients Ci(X;, ..., X, and the adiabatic potentias
E (X, --0) %)

UlCl_JCZ_"'_‘JCn = ECl,
-JC,+U,C,-JC;—... = EC,,
_‘]Cl_ _\JCn_1+UnCn = ECn

n 2.2

Mw™X
Us = Z 2 m_’\/éngEUO_’\/égXS' (46)
m=1

One can readily verify that the determinant of this sys-
tem A(E) does not change under cyclic permutation of
theindices (1, 2, ..., n). Therefore, the coefficients of
the algebraic equation A(E) = 0 and, hence, the adia-
batic potentials E;(x;, ..., X,), being functions of the
deformations ¥, ..., X,, are invariant under these per-
mutations. (For J = 0, the adiabatic potentials E; = Uy —

J2gx are not invariant under these permutations, but

they are symmetrized even for an infinitely small J [see
Eq. (9) for the two-site model].)

In the absence of EPC (g = 0), the adiabatic poten-
tialsare E = U, + E_, with E” = const. The only extre-
mum (minimum) lies at the point X, = X, = ... =%, =0.
For small enough g, one observes only a shift of this
minimum to the point X, =%, = ... =X, = xS); this shift
depends on i and does not break the symmetry of the
Hamiltonian.

For an infinitely small J and g # O, the lowest adia-
batic term has n minima at the points (X, = X, Xy = 0)
withmzZmand m=1, ..., n). When al X, —= oo, this
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term asymptotically approaches an n-dimensional parab-
oloid inthen-dimensional deformation space (Xy, ..., X,)-
(One should not confuse this space with real space, in
which the lattice sites exist.) The low-lying electron
states are localized on the complexes. Transfer to an
adjacent site (|Im — m'| = 1) involves overcoming one
energy barrier. One can easily estimate its height for an
infinitely small J. The depth of the minimum at point
(X0 O, ..., 0) is obviously equal to 2E, (i.e, to the
polaron shift). The barrier height corresponds to the
minimum energy E,, at the line x, = X, at which the
energiesE; and E,

E(Xi, ..., X)) = Mo —/2x)"

M,
 Xp) 5 —

2 ’

2E, + z

m#i

of the two minima, i and j, coincide. One readily sees

that this point isx = x,+/2 and E,;, = —E,; i.e, that the
barrier height is 2E,,. (In a similar way, one can easily
describe the structure of all n adiabatic terms in the
J — Olimit; however, this structureis not used in this
work and we drop the corresponding consideration.)

Note that an electron transfer from site mto sitem
involves overcoming [m — m'| barriers in the deforma-
tion space.

In principle, the electron energy spectrum should be
determined from the Schrédinger equation in the
n-dimensional deformation space, which is similar to
Eq. (27). This would entail formidable mathematical
difficulties.

Note, however, that the electron Hamiltonian H, can
be reasonably simulated in the strong-coupling approx-
imation by the expression

H, =

{m,m}, o

I m, m'a:n, cam', g (47)

where the summation is run over the nearest-neighbor
stesm and 2I,,, ., is the level splitting in the two-site
problem with a pair of sitesm, m'. There are grounds
to expect that our model of the crystal could be satisfac-
torily approximated in the v > 1 adiabatic region by
replacing | with the quantity AE given by Eq. (35),
which has the same meaning. Therefore, in order to
describe electron transfer in the adiabatic regime, it is
sufficient to renormalize the J parameter. (Note that for
small n, the modulus of the argument of the barrier
exponential islarge.)

In view of the results presented in Section 1 and
Appendix 1, it can be maintained that the above set of
potentials E; with n minima forms when g isin excess
of a certain g; therefore, we have a threshold effect.
Because the adiabatic-potential structure is described
by the only dimensionless parameter n = J/ 2E,,, the cor-
responding criterion takes on theformn <n..
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5. ELECTRON-ELECTRON INTERACTION

Now, we consider the changes induced by strong
EPC in electron—electron interaction. The Hamiltonian
of thisinteraction in the site representation hasthe form

Hee = A(my, m,, mg, m,)
> 2

my, My, Mg, M, 0, &

(48)

At
X aml, oamz, g am3, g am4, 2]

where A are numerical functions and o is the spin
index. The canonical transformation given by Eq. (42)
gives rise to the appearance of the following operator
products under the summation sign in Eq. (48):

exp[hfoo PP L 2o

ﬁxo PP L [2xopn 3

Theterms of the sumin Eq. (48) satisfying therelations
m, =m,; (50)

(49)
X exp

m=m;, m,=m, and m; =m,,
are not connected with real electron transfer between
the sites (these are the main terms of the Coulomb inter-
action and of the direct exchange). Onereadily seesthat
the operator factor in EQ. (49) for these terms becomes
unity. Therefore, strong EPC has no noticeable effect
on the phenomena associated with these terms (ferro-
and antiferromagnetism), there is no barrier effect, and
the mechanism of enhancement of the isotope effect
does not operate. This relates in equal measure to the
mechanisms of indirect exchange via an intermediate
state with the formation of a pair at a site, because the
electron transfer is here a virtual process (see Appen-
dix 2). The band-narrowing effect rai sesthe problem of
modifying the criterion of realization of the insulating
or conducting state (similar to the well-known Mott cri-
terion) because of the need of taking magnetic order
into account.

The higher order terms in J will hopefully contain
only thev- (i.e., M-) independent parameter ).

Note also that strong EPC gives rise to the appear-
ance of a negative term —2E, adding to the Hubbard
repulsion, which does not depend on theion mass.

Consider the terms of Eq. (48) describing the real
electron transfer process. These are, for instance, the
term with my # m, if neither of these indices coincides
with m; and m,. The operator product (49) in these
termsis not unity. When considered to the lowest order
in J, factors exp(—2E,/fiw) appear at the corresponding
coefficients A (which br| ngs about their reduction dueto
thebarrier effect). In particular, the operator product (49)
for the term in Eq. (48) with

m =m,, M3 =My,

m, Zm, (51)
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e><|oDkL2f2><o|omHEX|oD ﬁzﬁxopmsg (52)

To the lowest order in J, the corresponding coeffl cients
A renormalize with a factor exp(-8E,/%w), 1 which is
substantially larger than the reduction exp(—2E [f.w) of
the one-electron bandwidth. This reduction accounts
for the mechanism of the isotope effect enhancement in
the phenomenafor which the termsunder consideration
areresponsible.

Note that in crystals where the enhancement of the
isotope effect takes place, the possibility of fine control
of the parameters by properly varying the isotope com-
position is offered.

Inthe M — oo limit, electrons are fully localized
and the model under consideration transforms to the
Heitler—L ondon model.

The above estimates are based on the lowest order
perturbation theory in J, which is valid for v < 1. In
view of thefairly obvious barrier nature of the phenom-
ena under study hereinthev < 1 case, one can assume
with afair degree of confidencethat, inthev >1region,
the corresponding quantities should likewise be propor-
tional to the appropriately maodified barrier exponential,
provided the barrier regime with n < 1 is redized.
(Analysis of a perturbation-series expansion made for
the two-site model [9] yielded supportive evidence for
this assumption.)

Because all the main parametersinvolved in the adi-
abatic approach are of alocal nature, it appears reason-
able to carry out a comprehensive investigation of the
mechanisms of concrete phenomena occurring in the
adiabatic region v > 1 on “small” models similar to the
above two-site configuration.

6. DISCUSSION OF RESULTS

There can be no reasonable doubt that the effect of
the interaction of an electron with nuclei under weak
electron—phonon coupling and in the limit of infinitely
heavy nuclei reducesto a static field acting on the elec-
tron. The band structure characteristics (the bandwidth
AE, the effective mass m*, etc.) remain finite in this
limit.

On the other hand, the most remarkable conse-
guence of the formation of the above-considered
energy barrier in the adiabatic potential for the process
of site-to-site“transfer” of nuclear displacement and of
the associated reduction of the effective electron-band
width isthat the electron transfer mechanism no longer
operates in the M — oo limit; that is, the electrons

UThe presence of this renormalization was pointed out in [17].
One of the present authors (EKK) uses this opportunity to point
out that this factor was introduced in [17] with an exponent half
as much as it should be (this did not, however, in any way affect
the conclusions drawn there).
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become fully localized. In this case, AE — 0 and
m* — oo exponentially (with the direct consequence
that the isotope effect is enhanced with increasing elec-
tron—phonon coupling). This means that there is an
essential qualitative difference between the cases of
strong and weak electron coupling with phonons. One
could think that this result is a consequence of the adi-
abatic approximation and that going beyond it would
make electron transfer possible in this limit. However,
the fact that, in the two-site model, the exponentialy

small factor exp(—./M) is present in all terms of the
perturbation-series expansion in J for the doubl et split-
ting indicates that, in actuality, this situation is not real-
ized.

The barrier effect results in a substantial modifica-
tion of both the band term of the Hamiltonian (with the
carriers becoming small polarons) and the interaction
terms. [The most important features of this modifica-
tion become particularly revealing after canonical
transformation (42) of the Hamiltonian.] When per-
forming first-principles calculations, the possibility of
itsrealization should be taken into account in their very
first stages. The constants g, J, and A entering the model
Hamiltonians (41) and (48) will then be expressed
through the fundamental constants e, #, m, and M.
[When analyzing experimental data, one should usethe
known semiphenomenological estimates of these con-
stants (the Frohlich constant, etc.) with caution,
because the conditions for which they were derived
may not apply here.]

We have been primarily considering the region of
the well-pronounced barrier effect, n < n., where the
carriersare known to be small polarons. Large polarons
(LP) can form outside this region if the EPC is hot too
weak. All studies of the LP problem of which we are
aware made use of various versions of direct variational
methods (which, by their nature itself, cannot be euris-
tically solid) within anarrow interval of parameter vari-
ation. Thisraises the importance of studiesin thisarea,
with the region of the intermediate strength of EPC
(n=ny) in the limit of M — oo being of particular
interest. One could conceive, in principle, thefollowing
aternatives:

(1) Throughout then >n. region and withM — oo,
we have m* — m, (M, is the effective electron mass
at g = 0) and there is no qualitative difference between
the weak-EPC and LP cases.

(2) Inthen > n. region and with M — o, we have
m* —» oo, but thisincrease isweaker than an exponen-
tial one. (A similar result is presented, e.g., in[18].) As
the EPC continues to decrease (i.e., n continues to
grow), we have m* — m, for n > n;. This could be
interpreted as the formation of an LP, i.e., of the elec-
tron—deformation bound state in then, <n <n, region.
The appearance of a barrier at n < 1 brings about an
exponential growth of m* and transformation of the
large polaron to asmall one.
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A self-consistent analytical treatment of the region
of the intermediate coupling strength would entail for-
midable mathematical difficulties, even in terms of the
simple model employed in this work. The difficulties
originate from the L P extending over many lattice sites,
so that using “small” models of the two-site kind would
no longer have any sense. Numerical methods seem
more appropriate here. Such studies of the model
described by Eq. (41) are currently being intensely pur-
sued (see, eg., [18-25]). The anaytica relations for
n* obtained by various authors are reviewed in [21].
These relations are found to agree with the numerical
results of both [21] and a number of other publications.
They agree fairly well with alternative (1).

However, the behavior of the band characteristics
for M — o has not been investigated thus far. In the
light of the above consideration, it appears to be of
interest to carry out such a study based on exact diago-
nalization of the Hamiltonian by numerical techniques.

APPENDIX 1
THE THRESHOLD EFFECT
The adiabatic potential has the form E(x;, X,) =

(Ma/2) (¢ + X5) + E(Xq, %), where £(x,, X,) does not
have singularities and tends to zero with g —~ 0. For
g= 0, thereis asingle minimum at x;, =X, = 0. As g
increases, the formation of additional extrema should
be preceded by a flattening of the minimum, which
occurs at the critical point

AP == = 0. (A1.1)

For g = 0, we have A@ = (Mu?)?. For small g, condi-
tion (A1.1) cannot be satisfied. The additional extrema
appear only after g has exceeded a certain threshold
value g.. These considerations also remain valid in the
case of alarger number of the quantities x;.

APPENDIX 2
INDIRECT-INTERACTION CONSTANTS

The second-order correction to the Hamiltonian
determining the splitting of the lowest degenerate level
with energy E, has the form

@ _ < O00V|nIh|V'i'00
AR = Z E,—E, '
n

(A2.1)

Here, i andi' are the quantum numbers of thislevel and
V' isthe off-diagonal part of the perturbation. The sum-
mation runs over all excited states (the denominator is
always negative). L et the band term of the Hamiltonian

have the form H,, = Z J(9)an + g o8m, o - The cor-
m,g,0
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rection to the exchange constant due to the formation of
avirtual pair can be written as

3(9)
z Z EH +(n +ny)hw

n,=0n,=

Algc(9) =
(A2.2)

~+ ~ ~f o~
x |:G)lam+g,oam,cy|nm’ nm+g|:|m]m’ nm+g|am,c'am+g, 0'|0D

Here, E > 0 is the Hubbard energy, [0Cis the ground
state of the unperturbed vibrational system, and
[Nm, N + gLare the states of this system with excitations
at stesm and m + g. Equation (A2.2) can berecast in
the form

JZ
Z Z Ey+(n;+n)Rw

n,=0n,=0

Alec(9) =

x [0]exp f29pm+gEeX|o o /29p.Hn, 0,0 (A23)

x mynjlexpL 2gp,Hexp L /2Py, 0

Using relations (32) from [9], thesumin Eq. (A2.3) can
be transformed to

Blod®) = -F
(A2.4)
IexpD z——-—(l exp(-24i 0l Ey))Hiz.

For 2w/ Eyy — 0, Al isfinite, Al = =J%E; that is,
asin the first-order term, there is no barrier effect.
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Abstract—Careful experimental investigationsinto the behavior of thethermal resistance of single-crystal silicon
are carried out in the immediate vicinity of the temperature of an anharmonicity sign inversion (T; = 121.1 K),
where phonon thermal resistance approaches zero. An anomal ous positive deviation of the total thermal resis-
tance (W) from the linear part of the temperature dependence with amaximum at 121.1 K isfound in the tem-
perature range 105-130 K. The temperature behavior of W in this range indicates that the mean free path of
phononsislimited by acharacteristic size of structural defectsand that itstemperature dependence exhibits spe-
cific featuresin the vicinity of T,. It is established that the character of the temperature dependence of W above
and below T, isdifferent. A linear functional relation between the total thermal resistance and the isobaric ther-
mal strain is revealed at positive and negative anharmonicities of atomic vibrations. © 2001 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

The results reported in this paper were obtained in
the course of experimental investigations into the tem-
perature dependence of the thermal resistance of silicon
upon anharmonicity sign inversion [1]. Careful experi-
mental investigations at temperatures close to 121.1 K
made it possible to analyze the specific features of the
total thermal resistance (W) for both the positive and
negative anharmonicities of atomic vibrations. These
investigations are of interest, since the phonon thermal
resistance (WP and the thermal expansion coefficient
B, unlike the heat capacity, are determined only by the
anharmonicity of atomic vibrations. It is obvious that
Wprh should be equal to zero at B = 0. However, the phe-
nomenon of high-temperature phonon superthermal
conductivity upon anharmonicity sign inversion, which
is suppressed by scattering at boundaries and defects of
crystals, has not yet been investigated.

2. THEORETICAL BACKGROUND
AND EMPIRICAL FACTS

The theory [2-5] of scattering upon anharmonic
phonon—phonon interactions is based on the quasi-har-
monic approximation. Therefore, this theory interprets
the dependence WP = (T) only qualitatively at low and
high temperatures when the density of phonon energy
states approaches saturation. According to [2, 6], the
assumption that the disturbing anharmonic term is
small in the expansion of the potential energy of inter-
atomic interaction and, especially, the harmonic
approximation [7], do not provide clear notions of the

phonon scattering mechanism. For the same reason, the
obvious singularity in the WP" behavior upon anharmo-
nicity sign inversion has not yet been discussed. Apart
from silicon, the anharmonicity sign inversion is typi-
cal of almost all loose-packed covalent substances. The
specific features of the thermal resistance of these sub-
stances manifest themselves as inflection points of the
curves W = f(T) at relevant temperatures[8]. An anom-
alous behavior of the phonon thermal conductivity was
found earlier for germanium in the temperature range
covering T; [9].

The Griinei sen constant serves as a parameter of the
anharmonicity of thermal vibrations:

Gr = B—, (1)

where 3 is the thermal expansion coefficient, v is the
sound velocity, and ¢, is the heat capacity. Since all
expressions for calculating the phonon thermal resis-
tance[2, 3, 10],
2

wo ST
M, aTp
involve the sguare of the Griineisen parameter, it is
believed that inclusion of the negative thermal resis-
tance is not a particular problem. However, WP" should
be singular at Gr = 0, all things being equal. Further-
more, the Grineisen parameter varies within ~10%
with temperature and does not reflect a practically
observed increase in the thermal resistance by severa

1063-7834/01/4303-0458%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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orders of magnitude. The temperature dependence of
WPh in appropriate expressions is specified by the dou-
ble scattering integral (determined in the harmonic
approximation) and the heat capacity.

Asarule, the authors of experimental studies of the
objectsunder consideration (see[8]) give no dataon the
thermal resistance in theimmediate vicinity of the tem-
perature T; of the anharmonicity sign inversion. In our
earlier work [1], it was demonstrated for the first time
that the anomal ous deviation from the linear part of the
temperature dependence of Wincreases with adecrease
in the contribution of phonon scattering at the bound-
aries. It was also noted [1] that a one-to-one relation
between the thermal resistance and isobaric thermal
strain in the form

W = W, + W"BT )

was revealed for more than twenty substances (includ-
ing silicon) over the entire range of positive anharmo-
nicity. Here, W, is the residual thermal resistance,
which is determined by the phonon scattering at static
defects, WPh is the characteristic phonon thermal resis-
tance; and BT = (dV/dT), T/V. When analyzing the theo-
retical expressions for WP, these empirical facts neces-
sitated switching our attention from the Grineisen
parameter, which is responsible for anharmonicity, to
the double scattering integral.

3. EXPERIMENTAL TECHNIQUE

Thethermal resistance of silicon was investigated by
absolute stationary and quasi-stationary methods in the
range 80-150 K. The operating parts of the sampleswere
prepared in theform of rods~25 mm long with cross sec-
tionsof 3.76 x 3.93 mm and 5.82 x 5.73 mm. Therods
were cut from one piece of single-crystal silicon (semi-
conductor grade) doped with phosphorus (p = 10 Q m).
The single crystal was grown by the Czochralski tech-
nique (in Podol’sk). The dislocation density was no
more than 10° cm3. On the one end, each sample had a
sprig ~2.5 mm in diameter and ~5 mm in length. This
sprig was used to mount the sample through a collet
chuck on arod, which in turn was brought into contact
with a thermostating liquid. The temperature gradient
was produced along the [1110direction of the crystal
growth. In addition to the main (gradient) heater, the
measuring cell was equipped with a background heater
mounted on a temperature-controlled rod in order to
increase the average temperature. The temperature gra-
dient, which was provided by the main heater, was esti-
mated in terms of the field superposition. The tempera-
ture difference across the operating part of the sample
was measured using a differential copper—constantan
thermocouple. The average temperature of the sample
operating part was estimated using theformulaT, =T +
(T, = T)/2, where T, — T, is the thermoel ectric power
for adifferential thermocouple at atemperature T. The
temperature T was measured by an absolute copper—
constantan thermocouple mounted on the opposite side
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of the sample at the level of the lower junction of the
differential thermocouple. The junctions of the differ-
ential and absol ute thermocouples were soldered to sil-
ver contacts, which were obtained via fusing a silver
paste. The diameter and layer thickness of each contact
were no more than 0.5 and 0.01 mm, respectively. The
gas pressure maintained in the measuring cell was no
more than 0.1 Pa. The problem of accounting for heat
transfer from the main heater and other parameters
which determine the limiting total error of measure-
ments was solved by comparing the results obtained for
the sample with a cross section of 14.78 mm? and ref-
erence data [3] (standard of the absolute magnitude).
The data obtained in [11] (the error of their determina-
tion was about +5%) for a sample of approximately the
same cross section (~15 mm?) were taken as a basis for
the quantities recommended in [3]. Since we were
interested in the behavior of W = f(T) in the vicinity of
T;, the comparison was performed at temperatures of
100 and 150 K, i.e., outside the range of the anomalous
deviation of the dependence W = f(T). The sample with
across section of 33.95 mm? wasinvestigated under the
same conditions. For better resolution of the specific
features of the dependence W = f(T) in the vicinity of
T,, the sample with a cross section of 33.95 mm? was
studied in the quasi-stationary regime, which provided
achangein the temperature of the alcohol-iquid nitro-
gen thermostating solution at a rate of less than 2.5 x
10 K/s at a constant power of the main heater without
switching on the background heater. Repeated mea-
surements demonstrated good reproducibility of the
data obtained at athermal drift velocity of 4 x 104 K/s.
Temperature gradients of the sample and thermostat-
ing liquid were measured with a step of ~0.1 K. The
sensitivity to thermal resistance variation with an
increase in the temperature in the quasi-stationary
regime was limited by the temperature gradient vari-
ance, which was no more than +0.2%. This restriction
was related to the detection limit of a R3003 compara-
tor. Since the thermogram of a thermostating liquid in
the temperature range under investigation was linear,
correctionsfor the temperature gradient across the sam-
ple were applied. The scatter in the data obtained in the
stationary regime was substantially larger (+£0.7%)
because of the necessity of estimating the gradient pro-
duced by the background heater. The measurementsin
the stationary regime were performed in order to inves-
tigate the dependence W = f(T) in the vicinity of T,
upon heating and cooling.

4. RESULTS AND DISCUSSION

Thedifferencein thermal resistance of thetwo silicon
samples with cross sections of 14.78 and 33.95 mm? was
no more than ~ 2%. It seems likely that, for samples
with across section of more than 15 mm?, the influence
of boundaries on the absolute values of thermal resis-
tance, which was observed in [1], considerably
decreases with an increase in the sample cross section.
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W, 1073 mK/W
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Fig. 1. Temperature dependences of the total thermal resis-
tance of silicon: (1) averaged datafor the samples with cross
sections of 14.78 and 33.95 mm? and (2) datataken from [8].

The averaged data on the thermal resistance measured
for the two samples upon heating and cooling are dis-
played in Fig. 1. The variance of the data on W, which
restricted the sensitivity of measuring this parameter,
was egual to £0.7%. The maximum thermal resistance
for the samples of different sizes was observed at the
same temperature, 121.1 K.

The total thermal resistance is determined by the
contributions of different scattering mechanisms:

W = W+ W, + W, ©)

where W, and W are the thermal resistances due to
scattering of phonons by the boundaries and defects,
respectively. The behavior of the linear part of the tem-
perature dependence of Wfor both samplesisgenerally
determined by thethird termin Eq. (3), whereasthedis-
crepancies in the absol ute values are determined by the
second term, because W, is identical for both samples.
The estimate made for AW at T; according to the for-
mula

- L 20 4

where y isthe density and s; and s, are the thicknesses
of the samples, confirms that this difference is small
(=3 x 10> mK/W) at T; as compared to the absolute
value of W (1.65 x 10~ mK/W). The numerica con-
stant K was determined from the boundary thermal
resistance and the size of the silicon sample for which
the recommended data were available in the literature.

The theoretical Leibfried-Shleman expression [2,
3] for the phonon thermal resistance has the form

Grv,T

th:A—————-——I
Cc.M aTD

.dSda, (5)

where A is the numerical constant; V,, M,, and C, are
the atomic volume, mass, and heat capacity, respec-
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Fig. 2. Temperature dependences of the total thermal resis-
tanceof silicon: (1) our datafor the sample with across sec-
tion of 33.95 mm? and (2) data taken from [8].

tively; a is the lattice parameter; Ty is the Debye tem-
perature; and Sis the surface containing the wave vec-
tors allowed by the energy conservation law. The Gr?
valuesfor silicon at temperatures above 200 and below
80 K, which were cal culated according to Eq. (1) using
the known values for b, 3, and ¢, [12-14], were equal
to approximately 1.5 x 102 and decreased to zero at
121.1 K. This trend for Gr?, according to Egs. (3) and
(5), should provide the minimum value of thetotal ther-
mal resistance at 121.1 K. The opposite behavior of
W = f(T) suggests the decisive role of W, and its tem-
perature dependence in Eq. (3), which competes with
the temperature dependence of WP". Defectsintheform
of dislocation loops (swirls) are almost always present
in single-crystal silicon [15]. They comprise a spiral
vortexlike system with diameter D > 10® m, which
consists of strips extended along the growth direction.
The pattern formed by these defects was observed on
the end surface of the silicon ingot from which the stud-
ied sample was cut. The boundaries of swirls represent
lattice distortions with local mass fluctuations. The
presence of defects in the form of a dislocation core
implies a mass deficit, and as the temperature T, is
approached, the force constantsincrease. In these cases
[2, 3], the mean free path of phonons should exceed the
characteristic distance D = 10 m between the defect
regions. The mean free path | = 10> m, which was esti-
mated from the maximum value of W, satisfies the con-
dition for Rayleigh scattering, which was observed at
wavel engths exceeding the defect size by afactor of 21t
The validity of this interpretation is confirmed by the
fact that the lattice distortions in a dislocation core are
extended approximately over one or two interatomic
distances (a). The preferential length of heat waves at
these temperatures is of the order of (2a)Tp/T [10],
where T/ T for silicon is approximately equal to 21t

Phonon scattering by a stress field produced by dis-
locations usually exceeds scattering by a dislocation
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core interpreted as a point defect [2, 10]. However, in
the case under consideration, the former scattering is
small, because the Griineisen parameter approaches
zeroat T — 121.1 K and the effect revealed is unre-
lated to scattering by a stress field.

The WP" contribution to the total thermal resistance
increases above and below T, = 121.1 K. Figure 2 dis-
playsthetotal thermal resistance Wfor asamplewith a
cross section of 33.35 mm? in theimmediate vicinity of
T;, where the mean free path of phonons approaches
infinity and is restricted by the size of defects. The
behavior of the dependence W = f(T) in the vicinity of
T, is governed only by the variation in the temperature
gradient across the sample at a constant heater power.
The reason for this is that the thermogram recorded
using an absolute thermocoupleis strictly linear in this
temperature range. The behavior of W = f(T) above and
below T, (Fig. 2) indicates that the mechanisms of
phonon scattering by defects at the positive and nega-
tive anharmonicities of atomic vibrations are different.
The minimum total thermal resistance Win the range of
positive anharmonicity (at 122.2 K) does not contradict
the known notions of the scattering theory. Above
121.1 K, the total therma resistance somewhat
decreases when WPM approaches zero at T — T,
because the singularity of the function WP" = f(T) sup-
presses the dependence of W, on T upon scattering of
phonons by dislocations. The scattering mechanism at
the negative anharmonicity, when the quasi-€lastic
force in the atomic motion equations changes sign, on
average, for al atoms[16], remains unclear. The solu-
tion of this problem callsfor further theoretical investi-
gations in order to elucidate the specific features of the
surfaces containing those wave vectorsthat are allowed
by the energy conservation law at positive and negative
anharmonicities.

Anaysis demonstrated that the reference data on W
for Si [8] (at positive and negative anharmonicities in
the ranges from T; to 1200 K and from 80 K to T;,
respectivelyl) can be approximated by expressions of
form (2) with correlation coefficients (r) closeto unity:

W = 2.03x 107 +2.11BT (r =0.998) T>T,, (6)
W = 1.63x10°+ 504BT (r=0.991) T<T,. (7)
The linear functional relations between the therma

resistance and isobaric thermal strain above and below
T, also exist for other substances, for example, for InSb

[8]:
W = 6.03x 107+ 10.55BT (r = 0.999) T>T,, (8)

W = 5.84x10°+26.13pT (r =0.993) T<T,. (9)

1 At atemperature of ~ 80 K, the negative values of B reach a max-
imum absolute value.
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The angular coefficients in Egs. (6)—9) (characteristic
thermal resistances) are determined by the characteris-
tic forces of the interatomic interaction, as was shown
in [17]. Upon inversion of the anharmonicity sign,
these forces undergo a jumplike change according to
Egs. (6)—<9), which indicates the difference in the
phonon energy spectra above and below T,. The first
term in these expressionsis determined by the contribu-
tion W, = W, + W, and the second term is governed by
Wrh. Therefore, it is reasonable to suppose that the
change in the cross section of phonon scattering by
phonons at the positive and negative anharmonicities of
atomic vibrations is unambiguously determined by the
change in the isobaric thermal strain.

5. CONCLUSION

The aboveinvestigations allowed usto make thefol -
lowing conclusions.

(1) Anomal ous behavior of the thermal resistance of
silicon in the temperature range 105-130 K is deter-
mined by the competition between the mechanism of
phonon—phonon scattering and the mechanism of
phonon scattering by defects, involving the Rayleigh
scattering as the specific case.

(2) Phonon scattering by defectsis more significant
than scattering at boundaries in the vicinity of T; with
an increase in the sample cross section.

(3) The characteristic force of the interatomic inter-
action changes jumpwise upon a transition from the
positive to negative anharmonicity of atomic vibrations
in silicon and vice versa. This behavior of W is appar-
ently characteristic of all substances exhibiting inver-
sion of the anharmonicity sign.
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Abstract—Characteristics of aphonon generator in the form of a pulse-heated metallic film, viz., the time depen-
dences of the film temperature and the kinetics of phonon gection from the film into a substrate, are considered.
The time dependences of the film temperature are calculated for cadmium telluride, diamond, and silicon sub-
strates. It isshown that the duration of film cooling substantially exceeds the heating pul selength and the film con-
tinuesto generate phononswith lower frequencies at the end of heating pulse. Theinferenceis drawn that thefilm
cooling should be correctly taken into account in analysis of the propagation of nonequilibrium acoustic phonons,
specifically for phonon processes occurring in nanostructures.© 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Nanostructure physics, which has rapidly progressed
in the last three decades, and the wide practical appli-
cations of superlattices and quantum wells in micro-
and optoelectronics have required new information in
the field of electron—phonon interactions, features of
phonon spectra, and specificity of the acoustic phonon
propagation in these structures.

For example, the limiting factor in quantum-dot and
cascade lasersisthe carrier relaxation with emission of
optical phonons. After the conversion of optica
phonons into acoustic phonons, the acoustic phonon
transport is the final stage of the processes occurring in
these devices[1, 2].

The quality of surfaces and interfaces can be charac-
terized with phonon pul ses, because the wavel engths of
phonons used in the heat (phonon) pulse technique are
comparable to the scale of inhomogeneities in nano-
structures[3].

It should be emphasized that experimental investi-
gations into the kinetics and dynamics of acoustic
phonons in nanostructures (heterostructures, double
wells, and superlattices) require knowledge of the
space-time characteristics of a phonon pulse; other-
wise, all the features of scattering by interfaces and,
especialy, resonance phenomena appear to be
“smeared” and the results obtained cannot be inter-
preted in an adequate way.

The purposes of the present work were asfollows. (1)
The calculation of the characterigtics of a phonon gener-
ator—a heated metdlic film: the temperature (phonon
frequency) and the kinetics of phonon ejection from the
film into a substrate. (2) The smulation of the phonon
generation process with the use of the generator charac-
teristicsin Monte Carlo calculations of heat pul ses, which
is necessary for analysis of experimental heat pul ses.

2. HEAT (PHONON) PULSE TECHNIQUE

The so-called heat pulse technique is virtually the
sole method that makes it possible to investigate exper-
imentally the propagation of nonequilibrium acoustic
phonons. A genera scheme of the experimental heat
pulse technique and the principal processes with the
participation of nonequilibrium phonons are shown in
Fig. 1.

Fig. 1. A genera scheme of the experimental heat pulse
technique and the principal processes involving nonequilib-
rium phonons: (1) ballistic propagation, (2) elastic scatter-
ing, (3) spontaneous decay, and (4) reflection from the
boundary or gjection from the sample into a substrate. Des-
ignations: G, = generation, G, = generation, and D = detec-
tion.

1063-7834/01/4303-0463%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Nonequilibrium phonons are generated in the sam-
ple Sdueto the pulse excitation P. The required excita-
tion isusually achieved with light or current heating of
a metallic film applied on the sample surface (G,),
when phonons enter the sample through an interface.
Moreover, this can be attained by photoexcitation with
light characterized by a photon energy larger than the
band gap of the studied material (G,), when the
phonons are generated directly in the sample. The gen-
erated phonons propagate through the sample (1) and
undergo processes of elastic scattering (2), spontaneous
anharmonic decay (3), etc. (Fig. 1). Phonons absorbed
in detector D generate a signal. The features of pro-
cesses involving nonequilibrium phonons and the con-
ditions of their propagation can be judged from the
form of atime-resolved signal.

Analysis of the resulting time-resolved responses of
a detector presents considerable difficulties. One way
of performing this analysis is to compare the experi-
mental responses with those calculated by the Monte
Carlo method [4-6]. This makesit possible to evaluate
the features of processesthat characterize phonon prop-
agation, for example, the intensity of elastic scattering
of nonequilibrium acoustic phonons by point defectsin
the studied sample [7, 8], the characteristic sizes of
grains forming the sample [9], etc.

However, these calculations require the description
of all elementary processes with the participation of
noneguilibrium phonons. The theoretical treatment of
processes such as elastic scattering and decay of
phonons has been carried out repeatedly [10-12], and
the results of calculations according to the proposed
models were confirmed experimentally. At the same
time, there are only a few works concerned with the
experimental verification of theoretical treatments of
certain processes, for example, phonon scattering by
interfaces [13].

As regards the phonon generation, the situation is
rather complicated because several experimental meth-
ods are used for generating nonequilibrium phonons
[14, 15]. Let usbriefly describe the physical differences
in these generation techniques.

Photoexcitation brings about the formation of hot
carriers which relax toward conduction band edges for
atime of the order of 1072 swith the emission of opti-
cal phonons. These phonons decay into longitudinal
acoustic phonons with approximately the same energy
for atime of the order of 100 s,

Inthe case of apulse-heated metallic film applied on
the semiconductor surface, the phonons are generated
through a somewhat different mechanism: the energy is
absorbed in the metal in which aquasi-equilibrium dis-
tribution of phonons is rapidly achieved owing to the
electron—phonon interaction and phonons enter the
sample through the interface.

The high-frequency phonons generated under pho-
toexcitation are vigorously scattered by point defects,
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which provides a means of determining the elastic
phonon scattering constant [7, 8].

Thelower-frequency phonons generated by a metal-
lic film have larger free paths, which enables one to
obtain information on the phonon scattering by inter-
faces [9]. Furthermore, by varying the excitation
parameters (energy, pulse length, and excitation spot
area), it is possible to change the frequency of phonons
generated by the metallic filmintherange 0.1-3.0 THz.
This is especially important in the study of resonant
phonon scattering in superlattices with quantum dots,
because the characteristic wavelengths of these
phonons (A = 60020 A) coincide with the characteris-
tic sizes of inhomogeneities.

When simulating the phonon generation process, it
is necessary to determine the spatial region, the dura-
tion of phonon generation, and the distribution of gen-
erated phonons over the energy (frequency) and polar-
ization.

Upon photoexcitation with a pulse of length longer
than 100 s, it can be assumed that longitudinal acoustic
phonons with energies of an order of half the energy of
optical phonons (which isequal, for example, to 20 THz
for diamond and 7.5 THz for silicon) are generated dur-
ing the course of the pulse.

For a heated metallic film, it is believed that the
phonon distribution over polarizations is proportional
to the density of states [16] and the phonon frequency
is determined by the film temperature. Therefore, it is
necessary to calculate the temperature and characteris-
tic cooling times of the metallic film.

3. CALCULATION OF THE TIME DEPENDENCE
OF THE TEMPERATURE FORA METALLIC FILM

The problem of determining the temperature of a
metallic film on an insulating (semiconductor) sub-
strate upon pulse excitation was posed repeatedly.
However, as far as we know, the algorithm that can be
used to simulate the phonon generation process by the
Monte Carlo method has never been described in the
literature. In the case when there is a need to estimate
the frequency of phonons emitted by afilm into a sub-
strate, it is often assumed that phonons are g ected only
during the excitation pulse. Then, their frequency is
determined from the equation for the frequency corre-
sponding to a maximum of the Planck distribution

hv = 2.82KsT, (1)

and thefilm temperature T is derived from the appropri-
ate estimates.

In order to obtain the dependence of the temperature
of ametallic film on an insulating substrate, it is neces-
sary to solve the energy balance equation. The problem
can be simplified under the following assumptions.

(i) Let the film be “thin”; i.e, its heating time is
shorter than the excitation pulse length. This is true
even for pulses whose length is only afew fractions of
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a nanosecond when the duration of film heating is
shorter than the excitation pulse length. The heating
time of the film does not exceed T ~ Cpd? k (where C
isthe heat capacity, p isthe density, and k isthe thermal
conductivity coefficient). For agold film with thickness
d=1500A at 20K, wehavet* = 4.5 x 10125, At lower
temperatures, thisvalueis even smaler.

(if) 1t is assumed that the substrate “is not heated”
and, at any instant, itstemperature is equal to the ambi-
ent temperature T, This assumption holds for the
majority of single crystalsin which the mean free paths
of thermal phonons at liquid-helium temperatures are
determined by the scattering at sample boundaries and
lattice defects and can be as much as several millime-
ters, so that an equilibrium temperature higher than the
ambient temperature is not reached. Otherwise, it is
necessary first to estimate the fraction of phonons that
return from the substrate to the film and then to solve
the self-consistent problem.

(iii) Heat transfer from the film to the surrounding
medium (for example, liquid helium) is ignored. This
assumption is valid when the sample is placed in vac-
uum. However, even if the sample resides in helium at
high excitation levels when the film temperature
becomes higher than the boiling temperature of liquid
helium, a gaseous helium “bubble’ is formed at the
film—helium boundary, thus preventing heat removal.

(iv) Heating of thefilmin the transverse direction is
neglected.

In the genera case, under the above assumptions,
the equation has the form

SW(t) = (dSp)C(T)dT/dt+P(T, Ty),  (2)

where W(t) is the power density at the excitation pulse;
d, S, p, and C(T) are the thickness, irradiated area, den-
sity, and heat capacity of the film material, respectively;
and P(T, T,) is the heat flux from the film to the sur-
rounding medium.

Within the “short” excitation pulse approximation
(adiabatic approximation), when the acquired energy
can be considered to be absorbed in the film [P(T, Ty) =
0], its maximum temperature T, can be estimated
from the condition

TAD

E, = Sdp J‘ C(T)dT, ©)

where Ep and 1p are the energy and length of the exci-
tation pulse, respectively, and the integral of the heat
capacity C(T) is taken over the ambient temperature
from T, to T5p. Theintegral should be cal culated taking
into account that the heat capacity at low temperatures
strongly depends on the temperature.

In the “long” excitation pulse approximation (sta-
tionary approximation), the stationary temperature T
of the film can be evaluated from the condition

- = P(TST! T), (4)
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Fig. 2. Time dependences of the temperature of agold film
1500 A thick on the diamond substrate at typical excitation
energies Ep: (1) 0.001, (2) 0.003, (3) 0.01, (4) 0.03, and
(5) 0.1 pJ. The excitation pulse length Tp is 10 ns and the
excitation spot diameter dp is 50 pum. The inset shows the
normalized time dependences of the energy flux at the same
excitation energy densities.

where P(Tgr, To) is the heat flux from the film to the
surrounding medium. Weis [17] obtained good agree-
ment between the experimentally measured stationary
temperatures and those calculated according to the
given method when the heat flux was computed within
the acoustic matching model [18].

However, it isimportant to know not only the max-
imum temperature of the film, but a so the time depen-
dence of the film temperature, because the lower-fre-
guency phonons generated by the cooling film can sub-
stantidly affect the overall pattern of the energy
transfer. The energy flux from the film to the substrate
was cal culated in terms of the acoustic matching theory
[18]:

Sk, 2r.-0
P(T,Ty) = —=2=+—0OT'-Tg), (5
607" (0c, ¢t O

where kg is the Boltzmann constant; 7 is the Planck
constant; ¢, and ¢; are the longitudinal and transverse
sound velocities in the film, respectively; T and T, are
the temperatures in the film and substrate, respectively;
and ', and I'; are the coefficients of phonon transmis-
sion through the interface.

Solution of Eqg. (2) with the initial condition
T(t = 0) = Ty resultsin the time dependences of thefilm
temperature and the energy flux from the film to the
substrate.

Figure 2 displays the calculated temperature of a
gold film on a natural diamond substrate as a function
of the pulse energy for typical excitation conditions. As
can be seen, the maximum temperature of the film
weakly depends on the excitation energy dueto astrong
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Fig. 3. Time dependences of the temperature of agold film
1500 A thick on the diamond substrate at excitation pulse
lengths 1p = (1) 10 and (2) 20 ns and their comparison with
the stationary temperature Tgr at the same power density

Ep/(tpr2d3/4) = 2.0 KW/mm? (see curve 3 in Fig. 2). Dot-

ted lines show further behavior of the temperature in the
case of alonger excitation pulse at the same power density.
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Fig. 4. Time dependences of the temperature of agold film
1500 A thick on different substrates: (1) CdTe, (2) silicon,
and (3) diamond. Conditions: Tp = 10 ns, Ep = 0.01 pJ, and
dp =50 pm.

temperature dependence of the heat capacity and the
fourth power of temperature in the formula for the
energy flux from the film to the substrate. For example,
for curves 1 and 5, the excitation energies differ by a
factor of 100, whereas the maximum temperatures dif-
fer only three times.

The inset in Fig. 2 shows the dependences of the
energy flux from the film to the substrate. It should be
noted that the times of film cooling are considerable
and equal to tens of nanoseconds; all thistime, the film
generates nonegquilibrium phonons.

A comparison of the temperature of thefilm with the
stationary temperature T estimated by formula (2) is
givenin Fig. 3. It can be seen that, in this case, the tem-
perature close to Tgr is reached at times longer than
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50 ns. It isworth noting that, over the course of tens of
nanoseconds when the phonon gjection is till notice-
able, the film temperature has already been substantially
lower than the estimated temperature. Consequently, the
film generates a greater portion of low-frequency non-
equilibrium phonons which have appreciably larger free
paths compared to e astic scattering by point defectsand,
thus, can considerably affect the recorded heat pulses.
Thisis the reason why the correct inclusion of the film
cooling in simulation of the nonequilibrium phonon
propagation is so important for analysis of experimen-
tal responses.

Figure 4 depicts the time dependences of the tem-
perature for a gold film on different substrates which
are most frequently used in experiments. It is seen that
these dependences of the film temperature differ con-
siderably. However, it should be noted that the pro-
posed model disregards the return of phonons from the
substrate to the film, which, in actual fact, can occur as
a result of vigorous scattering of phonons by lattice
defectsin the substrate or the formation of alocal ther-
mal equilibrium region—a*hot phonon spot” [19]. The
effect of this scattering is relatively small for materials
such as silicon and diamond in which the mean free
paths of phonons with actual frequencies (<3 THz,
which correspond to temperatures below 50 K) are
equal to hundreds of microns. At the same time, for
binary compounds (for example, CdTe), where the
mean free paths of phonons are several orders of mag-
nitude smaller, this effect changes the kinetics of film
cooling, which, in turn, can lead to an increase in the
temperature of the film and the time of its cooling [20].

It should be particularly emphasized that we cannot
answer beforehand the question as to which approxi-
mation—stationary or adiabatic—gives the most cor-
rect estimate of the maximum temperature for a given
film/substrate pair of materials or specific excitation
conditions.

4. EXPERIMENT

In order to test the proposed model, we performed
the following experiment. A gold bolometer inthe form
of ameander 0.35 x 0.50 mm in size and 1500 A thick
was evaporated onto a sample prepared from the type
Ilanatural diamond. For the bolometer, the dependence
R(T) was linear in the temperature range 4-330 K and
the value of dR/dT was equal to 28.2 mQ/K. The bolom-
eter wasirradiated with UV pulsesof an LGI-21 nitrogen
laser at the liquid-helium temperature T = 4.2 K. Upon
phonon generation, it is usual practice to decrease the
size of a phonon source and, hence, to use a sharp
focusing of an excitation beam. However, since the
value of dR/dT was small and, moreover, it was neces-
sary to obtain a uniform illumination of the bolometer,
the experimental parameters were chosen as follows:
the size of the excitation spot was increased to 0.5 mm
and the excitation energy wasequal to 3.6 uJ. The pulse
length was 7.5 ns.
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A comparison of the calculated and experimentally
measured dependences of the film temperature is given
in Fig. 5. It can be seen that the time dependence and
the magnitude of the film temperature are in good
agreement, which, in our opinion, conclusively proves
the correctness of the above treatment.

5. SSIMULATION OF NONEQUILIBRIUM
PHONON GENERATION BY THE MONTE
CARLO METHOD

The Monte Carlo simulation of the generation of
nonequilibrium phonons for further calculations of
their propagation in the sample consists in computing
random coordinates x;, y;, and z of the point at which
theith phonon is generated; thetimet; of its generation;
frequency v;; polarization p;; and the direction of its
propagation. In the case when the pul se-heated metallic
film serves as a phonon generator, the x and y coordi-
nates are assumed to be uniformly distributed in a spec-
ified excitation region, the z coordinate corresponds to
theirradiated boundary of the sample, and the distribu-
tions of initial phonons over frequencies and times of
their generation should be chosen in such a way as to
reproduce the calculated dependences of the film tem-
perature and the energy flux from the film to the sub-
strate on the time.

The time dependences of the film temperature T(t) and
the energy flux Q(t) from the film to the substrate are
theinitial datafor the construction of the algorithm for
simulating the generation of nonequilibrium phonons.
Since the characteristic frequencies of generated
phonons are proportional to the film temperature, the
guantity N(t) = Q(t)/T(t) is proportional to the number
of phonons generated at a given instant of time. The
function

t [

p(t) = J’N(T)dT/J’N(T)dT
0 0

has the meaning of the probability that a phonon will be
generated at an instant of timet; i.e, itisthetime dis-
tribution function of phonon generation. Then, the ran-
dom quantity t; = p7(r;) (wherer; isthe random number
uniformly distributed within the interval 0-1) is the
time t; of generation of the ith phonon and the depen-
dence T(t) makes it possible to obtain the film temper-
ature T, at thisinstant of time. The temperature T; deter-
mines the frequency distribution of phonons generated
by the film.

The function n(u) = u%(exp(u) — 1) (where u =
hv/kgT;) is proportiona to the density of the frequency
distribution of the phonon number. Then, the frequency
of the ith generated phonon is determined by the rela-
tionship v; = ukgT,/h, where u; = g(r)), r; is the ran-
dom number uniformly distributed in the interval 0-1,

and q(u) = J: n(s)ds/ ﬁ n(s)ds.
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Fig. 5. Comparison of the cal culated and experimental depen-
dences of the temperature for agold film 1500 A thick on the
diamond substrate. Computational and experimental parame-
ters. tp=7.5ns, Ep = 3.6 uJ, dp =0.50 mm, and Ty = 4 K.
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Fig. 6. Comparison of heat pulses calculated using different
agorithms for phonon generation and the experimental data.
Circles correspond to the experimental response of a detector
(gold film 1500 A thick on diamond substrate, Tp = 7.5 s,
Ep = 0.005 pJ, dp = 0.25 mm, and Ty = 2 K). Dotted lines
represent the calculated response upon generation of
phonons with a frequency of 0.93 THz (which corresponds
to the temperature Top = 15.8 K) for atime tp. The solid
line indicates the response calculated within the proposed
model of phonon generation.

Since the dependences T(t), Q(t), and others had a
complex shape, the integration was performed numeri-
cally, the results of calculations were tabulated, and the
values of inverse functions were determined by the
interpolation and then were also tabulated.

The phonon polarization p, was chosen in arandom
way with the probability proportional to the density of
states. The ©, and ¢ angles, which determine the direc-
tion of the phonon wavevector, were also randomly
chosen in a hemisphere from uniform distributions in
the intervals [0, 17/2] and [0, 2], respectively. More-
over, it is possible to introduce an additional check in
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order to exclude errors such as the appearance of
phonons with frequencies higher than those realized
physically.

Thus, the execution of the given algorithm resultsin
a set consisting of the time t; of generation of the ith
phonon; its frequency v;; the polarization p;; the coordi-
nates x;, y;, and z of the point at which theith phononis
generated; and the direction of the wavevector, whichis
specified by the angles ©; and @.

Figure 6 illustrates the importance of the correct
inclusion of the features of phonon generation.

(i) Circles show the experimental heat pulse, which
was measured in asingle crystal of the type Ila natural
diamond with the use of the pulse-heated gold film asa
phonon generator under the following excitation condi-
tions: Ep = 0.005 pJ, T, = 7.5 ns, and d, = 0.25 mm. In
this case, the estimates of the film temperature give the
values Top = 15.8 K and Tg; = 25.1 K.

(if) The dotted curve represents the heat pulse,
which was cal culated by the Monte Carlo method under
the assumption that phonons are generated only during
the excitation pulse, have a frequency of 0.93 THz
(which correspondsto atemperature of 15.8K), and are
scattered only by isotopes. In this case, the mean free
paths of phonons are equal to tens of centimeters and it
seems that the heat pulse should be very sharp. How-
ever, taking allowance for the fact that the film cools
down for aconsiderable time and generates phonons all
this time results in quite a different situation.

(iii) The solid line in Fig. 6 depicts the results
obtained by simulating the propagation of nonequilib-
rium phonons with inclusion of the above algorithm of
phonon generation. It is seen that the results of simula-
tion agree well with the experimental data.

It should be noted that attempts to explain the
observed heat pulselengthin any oneway, for example,
by scattering from point defects, lead to very large elas-
tic scattering constants, which are undeniably invalid.
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Abstract—The band structure of hexagonal tungsten carbide (3-WC) containing vacanciesin metal and carbon
sublattices is investigated within the first-principles full-potential linear muffin-tin orbital (LMTO) approach
for amodel of 16-atom supercells. Specific features of the formation of “vacancy” states are discussed, and the
formation energies of defects and their charge states are estimated. The results obtained are compared with pre-
vious calculations and available experimental data. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Lattice vacancies belong to the most commonly
encountered type of point (zero-dimensional) defects
of acrysta lattice. They substantially affect the proper-
ties of nonstoichiometric compounds within their
homogeneity region.

It is known that no ideal (perfect) crystals occur at
T> 0. At present, the nonstoichiometry of compounds
is associated with its main feature, namely, the experi-
mentally observed discrepancy between the chemical
composition and the number of sites in crystal sublat-
tices [1]. In other words, classification of al crysta
phases as stoichiometric and nonstoichiometric com-
pounds depends on the potentials of currently available
methods for experimental observation of the effects
brought about by lattice vacancies.

Cubic (B1 type) carbides of Group IV andV transi-
tion metals represent one of the most well-known
classes of nonstoichiometric compounds with very
wide homogeneity regions. For example, titanium car-
bide with a cubic structure exists in the concentration
region from TiC, o, to TiCy,g [2]. The characteristic
feature of these phases is the variable concentration of
structural vacancies in one (carbon) of the sublattices,
whereas the metal sublattice is usually considered as
occupied completely [2, 3]. The band structure of car-
bon-incomplete cubic carbides has been investigated
elsewhere [4-7]. Unlike the cubic (B1) carbides, the
higher group transition metal carbides which belong to
other crystallographic types usually have considerably
narrower regions of homogeneity [2, 3].

One of the latter carbides of most interest is the
tungsten monocarbide (3-WC), which has a hexagonal

structure (the Déh symmetry). Tungsten monocarbide
is one of the most mechanically resistant and refractory

carbide materials (T4 = 3058 K); its catalytic activity
is comparable to that of platinum [2].

Tungsten monocarbide has a narrow homogeneity
region in which the carbon content varies in the range
3748 at. %. Until recently, the metal |attice of tungsten
carbide was assumed to be completed.

Rempel et al. [8] werethefirst to reveal the presence
of both C and W vacancies in tungsten carbide. These
data were obtained by the electron—positron annihila-
tion technigque whose sensitivity to the vacancy content
was estimated at ~10~* vacancies per atom [9].

The purpose of the present work was to investigate
the band structure of the hexagonal tungsten carbide
containing lattice defects of both types, namely, C and
W vacancies. Using the self-consistent nonempirical
full-potential linear muffin-tin orbital (FPLMTO)
method, we analyzed the nature of vacancy states and
general variations observed in the band spectrum of
nonstoichiometric WC, and W,C due to structural
defects. The formation energies of the C and W vacan-
cieswere calculated numerically. Based on the analysis
of their charge states, weinterpreted the experimentson
the positron annihilation [8].

Note that, so far, the band-theory calculations have
been performed for the electronic structure of “ideal”
tungsten carbides with hexagonal (3-WC [4, 10-16])
and metastabl e cubic (of the BL type[7, 13, 15, 17, 18])
structures.

2. MODEL AND CALCULATION PROCEDURE
Tungsten monocarbide B-WC has a hexagona

structure (space group Déh—PGmZ) formed by packing

hexagonal monolayers of W and C atoms in the
ABAB... stacks. In the B-WC structure, the W and C
atoms reside in a trigonal—prismatic environment. In

1063-7834/01/4303-0469%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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this case, the W and C atoms have [WCgWg] and [CW¢]
coordination polyhedra, respectively. The unit cell con-
tains one formula unit (Z = 1), and the W and C atoms
occupy the positions (a) 000 and (d) 1/32/31/3, respec-
tively. The unit cell parameters are a = 2.9065 A and
c=8.366A[2, 3.
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For modeling WC, we used a 16-atom supercell
with the initial composition WgCq. The WC, V. and
WV, Cq supercells (V¢ and V,y, denote the vacanciesin
the C and W sublattices, respectively) corresponded to
the defect carbides of the forma stoichiometries
WC, 675 and W, ¢75C, respectively.

The band structures of WC, WCg75, and W g75C
were caculated by the self-consistent FPLMTO
method [19, 20] in the local-electron-density approxi-
mation [21]. The actual crystal potential and charge
density used in the FPLMTO method make it possible
to calculate with a high accuracy the total energy of the
system and the physical properties of crystals (lattice
dynamics, structura stability, etc. [19-26]), which are
determined by the total energy. The muffin-tin orbitals
were calculated in the standard 3k basis set with the
kinetic energies k2 = 0.01, 1.0, and 2.3 Ry. The com-
putations were performed in the scaar—relativistic
interpretation of valence electrons (6s, 6p, and 5d for W
and 2sand 2p for C).

3. RESULTS AND DISCUSSION

The total and loca dengties of states (TDOS and
LDOS, respectively) for B-WC are shown in Fig. 1.
According to the previous computations [4, 10-16], the
carbide valence band consists of two main subbands (A
and B) separated by the energy gap. Thelower subband A
isformed by the contributions of the C 2s states, whereas
the subband B has a substantially hybrid character and is
formed by overlapping the W 5d and C 2p states. The
Fermi level (Eg) islocated close to the local DOS mini-
mum which separates the bands of bonding and anti-
bonding W—C states. These features of the band structure
determine the extreme cohesion characteristics of 3-WC
[4], unlike the metastable cubic carbide phase in which
W-5d-like bands of the antibonding type are occupied to
alarge extent [4, 7].

Thetotal and local densities of statesfor nonstoichi-
ometric WC g5 and W, g;5C are shown in Figs. 2 and 3.
Introduction of the C vacancy resultsin the appearance
of the near-Fermi peak of C and the substructure of the
DOS distribution for the hybrid B band (Fig. 2). These
variations can be explained by the nature of the forma-
tion of vacancy states[4, 6]. Asis seen from Fig. 2, the
vacancy states form two symmetric peaks A" and B',
which are separated by the DOS minimum. Their origin
is caused by alocal distortion of the crysta field in the
vicinity of V¢ and a partial decrease in the splitting of
the d states, which coordinate the defects of W atoms as
bonding and antibonding ones. As aresult, certain W d
states regain their antibonding states. This scheme is
clearly illustrated with the local density of states of the
C vacancy and the local densities of states of the W
atoms which surround the vacancy (Fig. 2). It is seen
that the A" and B' LDOS peaks of the V¢ defect reflect a
decrease in the energy of the bonding W d states (A’
peak) and an increase in the energy of the antibonding
W d states (B' peak) in the defect region as compared to
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those in the complete crystal (Fig 1). Judging from the
LDOS shapefor atomsin the WgC,V cell, the atoms of
a least two coordination spheres undergo a perturba-
tion of the electron density in the presence of avacancy.
This effect is demonstrated by the electron density map
for WCy g5 (Fig. 4).

The general mechanism of the perturbing effect of
the W vacancy is similar to that described previously
and is associated with the variation in the electronic
states of the carbon atoms nearest to V. The transition
of acertain portion of C 2p states to the region of anti-
bonding states clearly manifestsitself inthe LDOS pro-
file of the C1 carbon atoms nearest to the vacancy (peak
A'in Fig. 3). As aresult, the C and W vacancies bring
about the “depletion” of certain bonding states, E:
shifts downward in the energy scale, and the density of
states at the Fermi level substantially increases. Note
that the density of states at the Fermi level N(Ef) for
metal vacancies increases more rapidly (see table).

Calculations of the cohesion (E.,,) and vacancy for-
mation (E,) energies, which were carried out according
to the procedure described in [24, 25], yielded the fol-
lowing results (see table): (i) the presence of vacancies
of both types deteriorates the cohesion properties of
WC and (ii) E,(W) > E,(C) in accordance with the
preferential formation of C vacanciesin WC. The latter
result can be qualitatively explained in terms of inter-
atomic interactions in WC. As follows from computa-
tions (see also [4, 10-16]), the chemical bond in WC
has a mixed covalent—-metallic—onic character [4]. For
thisreason, the preferential formation of C vacanciesis
determined by the lower energy expenditure in break-
ing six carbon—metal covalent bonds (in a trigonal
prism—the [CW¢] coordination polyhedron). By con-
trast, the formation of a metal vacancy requires the
additional breakage of eight metallic bonds between
the receded metal atom and the metal atomsforming its
second coordination sphere (the [WCWyg] coordination
polyhedron).

At present, experimental investigations of the elec-
tronic structure of nonstoichiometric WC, and W,C are
practically absent. Rempel et al. [8] obtained the eval-
uated data on the charge density distribution in -WC
by using the electron—positron annihilation technique.
These authors measured the positron lifetime 1 in the
samples exposed to radiation (the electron energies
were 1.0 and 2.5 MeV), revealed the bounded (local-
ized) positron states for two types of structural defects,
and found that the lifetime of a positron captured by the
C vacancy (T ~ 136 ps) was considerably shorter than
that in the case of the W vacancy (1, ~ 175 ps) [8]. The
increased value of 1, was explained in [8] by the lower
electron density in the region of metal vacancies sur-
rounding the carbon atom, whereas the C vacancies are
surrounded by tungsten atoms with a higher electron
density; hence, it followsthat T < Ty

The calculations performed allow direct estimations
of the electron density distribution in the coordination

PHYSICS OF THE SOLID STATE Vol. 43 No. 3

2001

471

40r
AN
0

Vac WVJW
L
N

0
40
W3

>
% 48 - J\_I_/\/\/\
) W2
Qo
Q 0 |~

40+

o 5
T
a
=

Energy, Ry

Fig. 3. Total (upper curve) and local densities of states for
W, g75C. The densities of states for nonequivalent atomsW
and C in the W, Vy,Cg supercell are given.
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spheres of the W and C vacancies (seetable). It is seen
that Q(Vw) < Q(Vc), which qualitatively correlateswith
the relationship 1 < Ty, [8]. Taking into account that
positrons in B-WC annihilate primarily with the elec-
trons removed from positively charged nuclei [9], we
also compared the so-called intersphere el ectron densi-
ties (Q,). The obtained values were Q(WCjg75) =
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Cohesion (Ey,), vacancy formation (E,), and Fermi (Ef)
energies (Ry), density of states at the Fermi level (N(Ep), 1/Ry),
and charges in the muffin-tin spheres of vacancies (Q, €)

Carbide | Econ E, Er | N(ED | Qua
wWC -1.76 - 1.86 3.16 -
WCyg75 -1.63 0.13 1.84 8.26 0.67
W g75C -1.56 0.20 1.62 9.37 0.51
Note: Theradii of vacancy spheres are taken equal to the radii of

receded atoms.

2.98e > Q,(Wyg5C) = 2.77e, which is in agreement
with thedifferenceint revealed for V,, and V. in B-WC
[8]. Undoubtedly, in order to obtain the quantitative
estimate of T, it is necessary to solve a special problem
with theintroduction of the positron wavefunctionsinto
the basis set.
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Abstract—The constants of the superhyperfine interaction of Gd®* with the '°F nuclear spins in the first four
coordination shells were determined from the ENDOR spectraof atrigonal BaF, : Gd** center. These datawere
used for analysis of the crystalline lettice distortions in the vicinity of the impurity ion. It was found that the
largest displacements of fluorine nuclel occurred in the vicinity of the ion compensator and the impurity ion.
To calculate the anion positions within the first coordinate shell, whose el ectron—nuclear interaction with Gd®*
depends considerably on chemical bonds in the Gd®* F; complex, an empirical model is used for the isotropic
constants of the superhyperfine interaction of Gd®* with fluorine nuclei in cubic centers, with allowance made
for the impurity ion polarization. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Trigonal impurity centers Gd** and BaF, are formed
in the process of crystal growth due to the compensa-
tion for the excess positive impurity charge by the F-
ion at the nearest intergtitial site along the C; axis.
Local distortions of the neighboring anion surroundin
(the first coordinate shell) of Gd** produced by the F
compensator were analyzed by usin [1] on the basis of
the superposition model for the spin Hamiltonian (SH)
constants of the second and fourth ranks[2]. These con-
stants describe the Stark splitting of the ground state of
the 1’Gd®* trigonal centers in SrF, and BaF,. Some
results of our previousinvestigations of the superhyper-
fine interaction (SHFI) of Gd** with BaF, ligands are
also taken into account. In this work, we consider the
local structure of the trigonal Gd®* in the BaF, center in
detail on the basis of the results of the ENDOR investi-
gation of SHFI of Gd®** with the *°F nuclei (the nuclear
spin | = 1/2) of the first four coordination shells and
with the compensating ion. The SHFI studied by the
ENDOR method is determined for theindividual Gd**—
19F couple. Thisalows oneto calculate the ligand coor-
dinates relative to the impurity ion, when the Gd** and
F ions interact as two point magnetic dipoles. To
determine the coordinates of the nearest ligands, for
which the short-range interaction contributions (cova-
lence, overlapping of the electron shells of the impurity
and of the surrounding ions) to the SHFI are large, a
model describing the radial dependences of the elec-
tron—nuclear interaction constants is needed. The
empirical model taking into account the covalence and
the Gd** and F~ (polarized by the electric field of the
surrounding ions) electron shell overlap was proposed
in [3] and used by usin [4] for determining the radial

dependences of the SHFI constants for the cubic Eu?*
and Gd®* centers in crystals with a fluorite-type struc-
ture. In this work, such a model, aso taking into
account the impurity ion polarization, is utilized for
description of the isotropic constants of the trigona
Gd® center in BaF,.

1. RESULTS OF ENDOR STUDIES
AND DISCUSSION

The trigonal and cubic EPR spectra of Gd** (elec-
tron spin S = 7/2) with the intensity ratio 20 : 1 were
observed in the BaF, crystals with the GdF; impurity
(0.01 wt % in the charge), grown by means of the
Stockbarger method. The EPR of the trigonal center at
T =4.2 K is well described by the standard SH with
parametersgivenin [5] in the coordinate system (called
the laboratory coordinate system in what follows)
where the principal symmetry axis of the C; center is

paralel to Z and to [_111], the X axisis parallel to [112],
and Yispardlel to[110].

The ENDOR measurements were carried out
mainly for the external magnetic field orientation along
the crystal symmetry axes (C;, C,, C,). The fragments
of angular dependences in the vicinity of these axes
were studied in specific cases. Due to the presence of
the compensating ion, the local symmetry of some
anions was lowered from C;, to C, and the distances
between anions and Gd** were changed. The latter led
to aconsiderableincrease in the number of the ENDOR
signals with respect to the case of the cubic Gd®* center
in BaF,. This made the interpretation and description of
the spectra more complicated.

1063-7834/01/4303-0473%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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2(Cy)

Fig. 1. A part of the local surrounding of the trigonal impu-
rity center in BaF,. The ligands nearest to Gd®* and the flu-

orine nuclei of the second to fourth coordination shells that
are displaced relative to the cubic center are shown.

For virtually all orientations, the ENDOR signals
that were determined by the fluorine nuclei being the
nearest neighbors of the impurity ion and situated at
equivalent sites (in Fig. 1, they form regular triangles)
had a fine structure associated with indirect nuclear
interaction through an impurity ion [6, 7].

Our calculations of such a structure showed that its
center coincides with the ENDOR signals position in
the absence of the indirect interaction. For this reason,
the frequencies correspondent to the positions of the
structure centers are used for the determination of the
SHFI constants.

By symmetry, the eight fluorine nuclei nearest to
Gd** are separated into two groups. Figure 1 showstwo
non-equivalent nuclei lying on the C; axis with the

local symmetry C,, (nuclei of the 111 and 111 type) and
two nonequivalent equilateral triangles whose planes
are perpendicular to the C; axis. Thesetriangles consist

of the fluorine nuclei of the second type: 111, 111, and
111, 111, 111, 111 (local symmetry of the nuclei is C).
Here and henceforth, the figures that specify the type of

nuclei correspond to the F~ coordinates in the undis-
torted lattice.

The SH part that is necessary for description of the
SHFI ligands of the C, symmetry has the following
form in the local coordinate system attached to any
selected nucleus (the z axis is parallel to the Gd*—°F
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bond axis, the x axis lies in the plane containing the
bond axis and C,):

Hy = (Ac+2A,)03SO0(1) + (A~ A, — Ag)
x OL(SOq(I) + (A= A, + Ap) Q1(9Q1(l)
+ (A +4A) 059 05(1) + (A, - 3A,)

x (03(90y(1) + Qx(9Qi(1)) —gnBa(HI).

The notation in Eq. (1) is commonly used [6, 7]. We
note that only the S°l-type terms whose contributionsto
the ENDOR frequencies are greater than the experi-
mental error (=5 kHz) are taken into account in the
Hamiltonian. The corresponding SH for the C;, sym-
metry ligands is given by Eq. (1) in which Ac = (A, —
A2 =0.

With a set of experimental and calculated ENDOR
frequencies for each nucleus, the SHFI constants were
determined by the numerical minimization of the mean
square deviation for all orientations of a magnetic field
simultaneously. A computer diagonalization of the
energy matrix, obtained from the Hamiltonian contain-
ing both the part describing the splitting of the ground
state [5] and H,, reduced to the laboratory coordinate
system, was carried out. The angles © and ¢ transform-
ing the local coordinate system for each fluorine
nucleus into the laboratory system (which are the
ligand angular coordinates) wereincluded in astandard
way [6] into relations for the ENDOR frequencies and
were also determined in the course of the minimization
process.

Calculations show that the SHFI of Gd** with the flu-
orine nuclei of the second and more distant coordination
shells, including even Fk (independently of the local
ligand symmetry), is described by axialy symmetric
SHFI tensors (in the local coordinate system) and A;=0,
Ac=0,A; =A,=0,and A, = -2A,, = -2A, = 2A,. Such
a situation takes place when the SHFI is determined by
the dipole—dipole interaction between the impurity ion

and *°F. Thus, the quantity A, = A, — A, associated with
the short-range interaction in the Gd**—°F couple (usu-
aly, A;> A, for fluorides [3, 4, 6-9]) equals zero. In

this case, the anisotropic constant A, = Ay = gg,uH/R®
[3, 4, 6], where A, is the dipole—dipole interaction con-
stant and R is the distance between Gd** and *°F.

The constants of the SHFI compensator and of the
anions of the second, third, and fourth coordination
shells of the impurity ion are presented in Table 1. Both
the calculated coordinates of these ligands in the labo-
ratory coordinate system and their deviations from the
corresponding values for the cubic Gd** center in BaF,
are aso shown. The azimuthal angles ¢ are not pre-
sented, since, in the limits of calculation error, they do
not differ from the corresponding values for the cubic
center. It is evident from the data of Table 1 that the

(D)
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Table 1. The SHFI constants and the fluorine nuclei coordinates for the second to fourth coordination shells, including the
compensator, in the trigonal Gd®* center in BaF,, and their deviations AR = R— R, and A® = @ — O, from the coordinates

of the corresponding nuclei in the cubic Gd®* in BaF, center [1]

Shell (thyr‘]‘aﬂq‘;)‘ire‘é? L{E‘fei) Ay, kHz R A 0, deg AR A 1@, deg

2 311(3) 534(3) 5.18(1) 31.0(2) 0.10(1) 1.9(3)
113(3), 311(3) 573(4) 5.06(1) 58.8(2) -0.02(2) 0.4(3)
113(3) 567(3) 5.08(1) 80.5(2) 0.00(2) 0.3(3)
131(3) 565(3) 5.08(1) 100.0(2) 0.01(1) 0.3(3)
131(3), 113(3) 566(4) 5.08(1) 121.7(2) 0.01(1) 0.3(3)
131(3) 576(3) 5.08(2) 150.6(2) -0.01(2) -0.1(3)

3 313(3) 232(2) 6.83(2) 22.7(2) 0.14(3) 0.7(3)
313(3) 246(2) 6.70(2) 48.6(4) 0.00(3) 0.0(6)
133(3), 331(3) 247(2) 6.70(2) 82.5(3) 0.00(3) 0.1(4)
133(3), 331(3) 247(2) 6.70(1) 97.5(5) 0.00(3) -0.1(6)
331(3) 246(4) 6.70(1) 131.5(4) 0.00(3) 0.0(6)
331(3) 249(2) 6.68(3) 157.9(5) -0.02(5) -0.2(6)

4 333(1) 137(1) 8.15(2) 0 0.16(5) 0
511(3) 145(2) 8.00(3) 38.0(3) 0.01(7) 0.1(5)
511(3), 151(3) 144(2) 8.01(3) 56.4(4) 0.02(7) 0.1(6)
115(3), 333(3) 145(4) 8.00(7) 70.5(9) 0.0(2) 0(1)
115(3), 333(3) 145(4) 8.00(7) 109.5(9) 0.0(2) 0(1)
151(3), 511(3) 144(2) 8.01(3) 123.6(4) 0.02(7) -0.1(6)
151 (3) 144(2) 8.00(3) 141.0(3) 0.01(7) -0.1(5)
333(1) 145(2) 7.99(4) 180 0.00(7) 0
FX 533(3) 5.18(1) 0 - -

ligands of the 311, 313, and 333 types, which are
located near the compensator (Fig. 1), are displaced the
most. This displacement leads to an increase in the
spacing in the Gd**—*°F couple and in the polar angles
© #0°, 180°. Theother fluorineionsarelocalized inthe
same positions as in the cubic impurity center (within
the calculation errors, connected with the dispersion of
the ENDOR experimental frequencies) [4]. Thus, one
can consider that Gd** replacing B&* is not displaced
towards the compensator, while F<is displaced from the
center of the interstice of the perfect BaF, lattice
towards the impurity ion. Analogous results were
obtained in [9], where the trigonal centersYb® in SrF,
and BaF, were studied.

The SHFI constants and the © angles for the fluorine
nuclei nearest to the Gd** (in their local coordinate sys-
tem), obtained from the ENDOR spectra, are given in
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Table 2. The constants A are directly connected with the
fluorine nuclei in triangles by the © angles, since, dueto
the Coulomb repulsion, one should have © > ©,, which

is realized for the 111-type nuclei in the upper triangle

(Fig. 1). For nuclei of the 111 typein the lower triangle,
we have © 0O, Noticeable angular and radial dis-
placements of nuclei of the first coordination shell are
usually accompanied by displacements in the second
coordination shell [3, 8, 9]. However, all 1°F atoms that

are placed near the 111- and 11l-type anions have
(within the error limits) the same coordinates as in
cubic centers. Taking into account this circumstance
and the fact that the impurity ion itself is not displaced,
one can assume that the coordinates of the fluorine
nuclei nearest to Gd** and placed far from the compen-
sator, below the XY plane (Fig. 1), arethe same asinthe
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Table 2. The SHFI constants and the angular coordinates of the nearest neighbor ligands in the trigonal Gd®* in BaF, center
together with the values of distances, induced dipole moments, and isotropic constants cal culated in the framework of the pro-

GORLOV et al.

posed model

Type of anucleus 111 111 111 111
The local ligand symmetry Cy, Cs Cs Csyy
A, MHz —2.447(5) —1.755(4) —1.755(5) -1.560(4)
Ay, MHz 5.118(3) 4.625(3) 4.598(3) 4.638(2)
Ag, kHz - —1(4) 2(4) -
Ay, kHz -0.9(3) -1.1(4) -0.9(5) -0.8(3)
A,, kHz —0.27(9) —-0.17(7) -0.12(7) -0.26(9)
O, deg 0 71.0(1) 109.6(1) 180
R, A (calculation) 2.388 2.408 2.431 2.431
d,, eA (calculation) 0.143 0.097 0.070 0.055
d, eA (calculation) 0 0.04 0.017 0
A, MHz (calculation) —2.467 -1.751 —1.744 -1.574

cubic impurity center. Thus, the local anion surround-
ing of Gd® can be divided into two regions separated
by the XY plane. This plane is paralel to {111} and
passes through the impurity ion (Fig. 1). In the first
region, which contains the compensating ion, the dis-
placements of the °F atoms (in comparison with the
case of the cubic Gd®* center in BaF,) are noticeablein
the shells no more distant than the fourth coordination
shell, while in the second region, the displacements are
not observed. Therefore, R(111) = R(111} = 2.431 A (the
distances of Gd** to the 111- 111-type nuclei) [3]. It is
considerably more difficult to evaluate R for the
remaining two types of the nearest neighbor anions,
since their neighboring fluorine nuclei are displaced
with respect to their positions in the case of the cubic
impurity center. At the same time, the constants Ag
(Table 2), which are determined by the short-range
interaction, are large and different. Thus, the analogous
contributions to the anisotropic SHFI are, most proba-
bly, not equal to zero [3, 4, 8, 9].

It follows from the obtained results that the nearest
ligands having the local symmetry C, are described by
the SH of ahigher symmetry (since Az = 0). We believe
that this is connected not only with the restrictions of
the experimental precision, but also with the low value
of thetrigonal distortion. Thisis supported, by the way,

by similar values of the parameter bﬂ for trigonal and

cubic centers[1]. Thus, the SHFI in the Gd**—°F cou-
ple can be analyzed in the same manner asin the cubic
center, namely, by taking into account only small
changes in the chemical bonds with small changes in
the electron structure of these ions caused by the tran-
sition from the cubic center to the trigonal one.

2. DETERMINATION OF THE DISTANCES
TO THE NEAREST NEIGHBOR LIGANDS

Before we come to the determination of the distance
to the ligands nearest to Gd** in the trigonal center, let
us try to get rid of the weaknesses of the empirical
SHFI model. This model was proposed by Baker [3]
and used by us [4] for description of the A; and A, con-
stants in five Gd®* cubic centersin crystals with afluo-
rite-type structure.

Baker’s notion of the reasons for the electric dipole
moments D induced at ligands was incorrect and
rejected in [4]. However, it was assumed in [4] that the
contributions to A and A, associated with the ligand
polarization did not depend explicitly upon the distance
R in the Gd**—*°F couple and were determined only by
thevaueof D =d,=aE,[3] (here, a isthefluorineion
polarizability for a given crystal; E, is the electric field
on °F directed along the axis of the couple bond; this
field is determined by the excess positive charge of the
impurity and by the displacements of the surrounding
ligands). This approximation can also be rejected, if
one represents A; (and A,) in the following form (on the
basis of theoretical expressions for the SHFI constants
derived in the approximation linear in E, [3]):

As=A{R)(1+KD). )

Here, A(R) = A(Ry)(R/R)" is the contribution to the
isotropic constant dependent on the distance from the
ligand and determined by the coval ence parameters and
the overlap integrals of the 4f and the polarized 5s and
5p states of Gd** with the 1s and 2s states of F~ [3, 8,
10-12]; A(Ry) is the model parameter, which is equal
to the above contribution for R= R, = 2.37 A (R, is
taken to be the same as in [1]). The quantity A(R)K.D
is the second contribution, where K, is the model
parameter connected with the mixing of the 2p and 3s
states of the fluorineion. Since this p—s mixing is deter-
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mined by the matrix element [2p,|d,[3sI|Ez — El, this
contribution is proportional to D.

To determine the radial dependence of A, which
should be samefor all Gd®* cubic centersin isostructural
crystals, it is necessary to eliminate D. Varying the K
and n parametersin such away that the function A(R) =
AJ(1 + KD) describes al five relations, we obtain K, =
-4.4(1)1/e A and n = 3.0(2) for A(R,) = —3.62(6) MHz
(eisthe magnitude of the electron charge).

The A(R) function for the cubic impurity centersis
plotted in Fig. 2. Thisisaweak power-law dependence
with n = 3, which is, probably, due to the fact that the
constant A; depends on two terms which are roughly
equal in value, but opposite in sign. These terms are
related to the different electron shells of the interacting
ions. Indeed, according to evaluations in [3, 8], the 4f
electrons give a positive contribution to A, whereas the
contribution from the 5s and 5p electronsis negative, if
one takes into account their overlapping with the 2s
electrons of F-. Taking into consideration the 1s shell
leads to positive contributions to the isotropic constant
[3, 6, 8, 10]. Although al these terms have different
radial dependences[8], their sum can have anegligible
dependence on R over a small range of distances.

The results of the analogous analysis of the isotro-
pic SHFI constant for the Eu?* cubic impurity centers
in the same crystal's can serve as proof of the adequacy
of the chosen description of As. In this case, the value
of theinduced dipole moment D of thefluorineionsis
determined only by the ligand displacements [4]. Itis
found that K, = —4.2(2)1/e A, n = 5.7(3), and A(R,) =
—3.94(6) MHz. It can be seen that the values of K,
related to the changes in the electron structure of F-
(i.e., to the partial occupation of the 3s states), are
approximately the same for the isoelectron impurity
ions. This confirms, in our opinion, the validity of the
chosen model.

To analyze the case of the trigonal Gd** in BaF,, let
us first suppose that the distance to all nearest neighbor
fluorineatoms R=2.431 A (asin the cubic center). Cal-
culations show that the dipole moment induced at the
111-type nucleusis greater than at the nearest neighbor
nuclel inthe cubic center, i.e., AD = Dyjq — D, > O (for
111, AD < 0), and this inequality remains true over the
2.44 > R> 2.38 A range. This is due to the fact the d,
component of the induced dipole moment appears for
the fluorine nuclel in the trigonal center with the Cq
local symmetry. This leads to an additional displace-
ment of the 2p, 3s states of F~. In alinear (with respect
to D) approximation, for the trigonal impurity centers,
one should use thevalue D = d, + d, in Eq. (2), in con-
trast with the cubic centers.

Let us compare the values of the isotropic constants
for the 111- and 111-type nuclei (see Table 2) with the
value A, =—1.808(6) MHz for the cubic impurity center
in BaF, [4]. According to Eq. (2), one should have for
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Fig. 2. A(R) values for fluorine nuclei nearest to the Gd*
ions in the cubic impurity centers of the following crystals:
CaF,, CdF,, SrF,, PbF,, BaF,, and in the trigonal center of
BaF,. The curve corresponds to the determined functional
dependence for the cubic centers.

1 1
22 23

111 AA; = A((trig) — A{(cub) > 0 (AA; < O for 111). On
the contrary, in our case, we have AA; > 0 and virtually
the same values of A (see Table 2) for both types of flu-
orine nuclel. We also note that the calculated val ues of
A(R) can be divided into two groups for all four types
of nuclei (even for the same values of R): two values
above and two below the A(R) dependence obtained
for the cubic impurity centers (Fig. 2). It isimpossible
to explain such a spread of the A(R) values by small
changes in only the ligand electron structure due to
their polarization. Thus, there is another contribution to
A asaminimum, which is determined by changesin the
Gd** électron structure as one goes from the cubic to the
trigonal centers. An analogous conclusion can made
from acomparison of the SHFI constantsfor the fluorine
nucle situated at the C; axis (the C;, local symmetry),
where the character of the chemical bondsisthe sameas
in the Gd®* in BaF, cubic center.

On the other hand, it is clear that Gd®* is also polar-
ized and has an induced dipole moment D, || C5, which
isdueto electric fields of the compensator and to asym-
metric displacement of ligands. Thisleads to mixing of
the Gd®* electron states[6, 7, 10-12] and, asaresult, to
achange in the unpaired spin density at the ligands.

It is clear from Fig. 2 that, for the 111- and 111-type
nuclel, the values of A(R) are situated below and above
the curve, respectively. The values of AA, = A(R)(trig) —
A(R)(cub), caused by polarization of Gd**, are almost
equal in value but oppositein sign. The sameistrue for
the D, projections along the bond axes. The remaining
two fluorine nuclei are al'so unambiguously connected
with the direction of the D, projection. They can be
directly related to the values of the isotropic constants,
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in accordance with the sign of AA, (see Table 2). Since
we consider the contributions to A,, we can conclude
that the unpaired-spin density of the Gd** electrons at
19F varies proportionally to D,cos® aong the bond
axis. Hence, for adescription of the isotropic constants
of the nearest neighbor ligands in the trigonal impurity
center, one should add to Eq. (2) the term taking into
account the change in the electron structure of Gd®*
induced by its polarization

A, = A(R(1+K.D)+K(RD,cos®.  (3)

In order to obtain the distance R to the nearest neighbor
fluorine nuclei, it is necessary to make a comparison
between the values of A, calculated from Eq. (3) and the
experimental data. To do this, one should know the
model parameters K(R), D, and D;. These parameters
were first estimated assuming that R = 2.431 A. It was
found that there is no such value of K (R) which gives
values of A, close to the experimental ones simulte-
neoudly for al four types of nuclei. However, a compar-
ison of calculated and experimental vaues shows that

one should have R(111) < R(111). Such aninequality cor-
respondsto the character of the possible shift of the near-
est neighbor ligands, since F< will, without any doubt,
also shift 1°F(111) in the same direction, when approach-
ing the impurity ion. Varying the values of R(111) and
R(111), we obtained that the best agreement with the
experiment is realized when R(111) = 2.388 A, R(111) =
2.408 A, and K(R) = -38.3(2)(RyR)° MHz/€A.

The induced dipole moments D and D, were calcu-
lated in the model of point charges and point dipoles.
The charge and dipole sources were the impurity ion
and al anions inside a shell with the radius larger than
>10 A (the center of the shell coincided with the ion at
which the dipole moment was determined), aswell asthe
nearest neighbor cations. The positions of anions of the
second to fourth coordination shells were known from
experiment. The positions of the nearest neighbor cat-
ionsand of the distant F~ were considered to be the same
astheir positionsin the cubic impurity center [4]. In this
case, the dipole moment of G is D, = 0.0318 €A if
a =1 and 0.87 A3for F~in BaF..

Note that the distances to the nearest ligands deter-
mined here are close to those obtained from the super-
position model for the constants of the initial splitting
and of the quadrupole interaction in the trigona
157G : BaF, center [1].

The additional term in Eq. (3) is, most probably,
connected with the partia filling of the empty 5d shell
due to the mixing of even and odd states of the polar-
ized Gd®. This term is proportional to the matrix ele-
ments having the form [4f |D,|5d|E; — Esqy| [6, 10-12],
sincethe energy Es,, asitisknown, isthelowest onefor
the exited states. It is clear that this mechanism will
lead to achangein the unpaired spin density of the Gd®*
electrons at ligands in the trigonal center, in compari-
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son with the cubic center. Thus, it will change the
SHFI. For the cubic centers, such a process was first
considered in theoretical work [10]. It was assumed there
that the main reason for this process was the transfer of
an electron from the ligand to the empty 5d and 6s shells.
This transfer made a contribution AA; = —8 MHz to the
isotropic constant for CaF, : Gd®**. Since the odd compo-
nents of the crystalline field are absent in the cubic cen-
ters, an odd electric field of avirtual hole wasintroduced
in[11, 12], in order to mix the impurity states. Thisfield
appears at aligand due to the electron transfer. A calcu-
lation of the contribution to the isotropic constant (using
our parameter K(R)) from thefield of the virtual hole at
19F gives AA, = 8 MHz. Adding AA from [10] to this
value, we obtain a change in A, which is close to zero.
Therefore, the conclusion can be made that the above-
discussed mechanism virtually does not change the iso-
tropic constantsin the Gd®* cubic impurity centersin flu-
orites. Note that changes in the electron structure of
ligands were not taken into account in [10-12].

Some other physical mechanisms which influence
the electron structure of the impurity centers with the
cubic local symmetry were also considered in [10-12].
For example, according to [10-12], changesin the pop-
ulation of the 5s and 6s states of impurity centers are
possible. In the trigonal center discussed in our work,
there is aso a direct influence of the odd crystaline
field upon the populations of these states. However, the
intrinsic electron—nuclei interaction in the >'Gd trigo-
nal center should be changed considerably in compari-
son with thisinteraction in the BaF, cubic center. Nev-
ertheless, this is not observed [1, 4]. Hence, one may
conclude that the spin density at the 5s and 6s statesis
not changed considerably when one goes from the
cubic to the trigonal impurity center in BaF.

To analyze the anisotropic constants A, of the nearest
neighbor nuclei, one can use the relations analogous to
Eq. (3), whereall indices s should bereplaced by p, since
the change mechanisms for these constants are analo-
gous to those discussed above. It isfound that A, (R) =
—1.94(5) MHz, n=16(1), K,, = —8(1) 1/eA (for the cubic
centers), and K, = —7(6) MHz/eA. Due to the presence

of alarge error in K, the anisotropic constants for four
types of the nearest neighbor fluorine nuclei in the trigo-
nal center have aworse description than in the cubic cen-
ters. Most likely, thisis connected with the model imper-
fection. Indeed, one should take into account the contri-
butions from both ¢ and thondsto A, [3, 6, 8, 10-12],
while we have considered only the changes in o bonds,
since it is not clear a the moment how Tt bonds should
change. Moreover, one should possibly take into account
the contributions to A, from the multipole corrections.
These corrections are connected with the deviation from
sphericity for polarized Gd* in the Gd*—°F couple
[12].
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CONCLUSIONS

Thus, the following results are obtained in this work.

(1) Analysisof the distances calculated from the exper-
imentally determined SHFI constants for the trigonal
BaF, : Gd* center shows that anion surrounding of Gd**
(the firgt four coordination shells of the fluorine atoms)
can be divided into two regions separated by the plane
passing through the impurity ion and located perpendicu-
lar tothemain symmetry axisof theimpurity center. Inthe
first region, there are considerable displacements of the
F near the compensator and Gd*. In the second one,
which is placed far from the compensator, the fluorineion
coordinates are the same asin the cubic center.

(2) A comparison of the experimental and cal cul ated
values of A for the fluorine nuclei nearest to the impu-
rity center shows that a model describing the SHFI
interaction constants for the Gd®* cubic centersin fluo-
rites can aso be successfully used for the trigonal cen-
ter. To do this, one should take into account the contri-
bution to A, associated with the change in the electron
structure of the impurity due to its polarization by an
odd electric field produced by the surroundings.

(3) The distances to the fluorine nuclei of the first
coordinate shell are determined. These distances are
found to be close to their values as estimated in the
framework of the superposition model for the initial

litting and quadruple interaction parameters in the
S7Gd®* in BaF, trigonal center.

(4) The equality (within the experimental error) of
the constants of the intrinsic electron—nuclear interac-
tion for the $>’Gd isotope in the cubic and trigonal cen-
ters of BaF, indicates that the Gd** polarization in the
trigonal center does not lead to a noticeable change in
the spin densities of any impurity ion s states when
compared with the cubic center.
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Abstract—Theinfluence of a constant magnetic field on the el ectroplastic effect induced by an electric current
in silicon crystals is investigated. It is found that the preliminary magnetic field treatment of silicon crystals
leads to a weakening of the electroplastic effect. A possible mechanism of the phenomena observed is dis-

cussed. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Earlier [1-7], it was noted that the dislocation
behavior in alkali halide crystals, metals, and com-
pound semiconductors in a magnetic field exhibits a
number of specific features.

Experiments reveal ed that application of amagnetic
field can substantially affect the plastic properties of
crystals. This phenomenon was termed the magneto-
plastic effect. The magnetoplastic effects can be posi-
tive and negative; that is, the magnetic field can bring
about both hardening and softening of crystals, respec-
tively. Application of the magnetic field can result in a
drastic increase in the internal friction of dislocations
trapped by paramagnetic impurities[1].

The effect of an electric current on the microplastic-
ity stimulated by the magnetic field in aluminum single
crystals was also investigated elsewhere [6]. Unfortu-
nately, despite a considerable body of experimental
data and a diversity of models interpreting the magne-
toplastic effect, there is no consistent theory for
describing available experimental data within a unified
context.

As regards the class of simple semiconductor crys-
tals (specifically, silicon crystals), the data on the influ-
ence of magnetic field on the dislocation mobility in
these crystals are virtually not available in the litera-
ture.

At the sametime, investigation of this phenomenon
is undoubtedly an urgent problem of modern semicon-
ductor physics, because its solution can provide a better
insight into the physical mechanisms responsible for
the plastic and strength properties of semiconductor
crystals.

On the other hand, it is well known that the mag-
netic susceptibility of diamagnetic and paramagnetic
crystals is rather sensitive to the presence and the
amount of dislocations in these crystals. Novikov et al.
[8] proved that the presence of nongrowth dislocations

in single-crystal silicon samples brings about a
decrease in the diamagnetism (the generation of para-
magnetic centers) and achangein the static susceptibil-
ity of silicon. These authors also revealed a certain cor-
relation between the magnetic susceptibility and the
density of nongrowth dislocations. Vavilov et al. [9]
adduced the relevant experimental and theoretical argu-
ments in support of the possible magnetic ordering of
electron spins on dislocation structures in silicon and,
in particular, pointed to the possibility of redlizing a
ferromagnetic ordering in the dislocation core. Thus,
thereisan inverse effect, namely, the influence of struc-
tural defects on the magnetic properties of crystals.

In thisrespect, it was expedient to elucidate how the
constant magnetic field affects the dynamic behavior of
didocationsin silicon crystals. The velocity of disloca-
tion motion was chosen as an indicator and a measure
of this effect.

Inour recent work [10], we carried out apreliminary
investigation into the influence of magnetic field on the
dynamic behavior of dislocationsin initia silicon crys-
tals. It was experimentally found that the applied mag-
netic field alone does not provide a dislocation motion.
Considerable variationsin the dynamic behavior of dis-
locations were observed only in the case when the sam-
ples were subjected to mechanical deformation after the
magnetic field trestment. The treatment of silicon sam-
ples in a magnetic field with magnetic induction B =
0.17 T for a certain time (tyr = 7 days) and a further
mechanical loading brought about an increase in the
starting stresses and the delay time of the onset of dis-
location motion and also a decrease in the dislocation
velocity approximately by a factor of three. Therefore,
silicon crystals underwent a hardening after the prelim-
inary magnetic field treatment. The characteristics of
the dislocation mobility turned out to be sensitive only
to a magnetic field whose induction reached a specific
threshold value (B = 0.17 T). The properties acquired
by silicon samplesin the course of magnetic treatment
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did not disappear immediately after the magnetic field
was withdrawn, but they were retained for a short time
(about 1 h). In other words, the magnetic memory
inherent in dislocation-containing silicon samples after
their treatment in a magnetic field has a short-term
character.

In our opinion, a possible reason for the observed
effects can be the changes induced by the magnetic
field in a defect system of silicon (decomposition of
large-sized complexes, diffusion of individua point
defects both from the bulk of the matrix and along the
disocation line toward a dislocation, and increase in
the cluster power around dislocations). The magnetic-
field-induced change in the system of point defects
interacting with elastic fields of dislocations leadsto a
change in the dynamic behavior of dislocations due to
the magnetic field treatment of the samples.

The results obtained demonstrate that the transfor-
mations revealed in the structure after the magnetic
treatment are somewhat similar to changes observed in
the processes of strain ageing in steels after their treat-
ment with a pulsed field [11].

From our point of view, the investigation into the
influence of aconstant magnetic field on the dislocation
mobility istopical by itself and aso with relation to the
interpretation of the well-known electroplastic effect,
which was observed in metals[12] and revealed in sili-
con crystals in our earlier works [13, 14]. It was of
interest to clarify the role played by the magnetic field
in the electroplastic effect induced in silicon crystals
upon passage of an electric current.

The purpose of the present work was to investigate
how the magnetic field affects the electroplastic effect
in silicon crystals excited by an electric current.

2. EXPERIMENTAL TECHNIQUE

In experiments, we used n-type and p-type silicon
samples (20 x 4 x 0.4 mm in size), which were grown
by the Czochralski technique and doped during the
growth with phosphorus and boron, respectively. Stress

concentrators—scratches cut in the [110] direction on
the (111) surface—served as a source of dislocation
half-loops. The dislocation motion was caused by

bending around the [112] axis (the four-support bend-
ing method). The length of segments in dislocation
half-loops introduced into the samples varied from 10
to 100 um; i.e., the didocations under investigation
were the short surface dislocations. The starting and
terminal positions of dislocation half-loop ends were
fixed by chemical etching and then were examined with
a metallographic microscope. The silicon samples
under investigation were subjected to mechanical ten-
sile stresses. The influence of magnetic field on the
electroplastic effect was studied by the four-support
bending method. This method differed from the tradi-
tiona technique in that the cylindrical tungsten elec-
trodes served as two lower supports. The voltage was
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applied across these electrodes, which made it possible
to pass an electric current through the samplesimmedi-
ately in the course of their mechanical deformation.

After the introduction of isolated dislocations, the
silicon samples were subjected to the magnetic treat-
ment: the samples with preliminarily introduced dislo-
cations were placed in a constant magnetic field with
the induction B = 0.17 T. The duration of the magnetic
field treatment was 7 days.

The samples treated in the magnetic field were sub-
jected to a static loading with simultaneous passage of
adirect electric current. The fundamental quantity stud-
ied in this work was the dislocation path length L. The
influence of the magnetic treatment on the dislocation
path length was investigated in the temperature range
T=823-923 K at the mechanical stress o = 63.5 MPa
and the current density j = (0.2—1.0) x 106 A/m?. Thus,
the magnetic treatment was carried out at room temper-
ature and the thermally activated dislocation motion
was initiated at temperatures of 823-923 K. After the
high-temperature mechanical deformation, the samples
were subjected to chemical etching. The dislocation
path length was determined from the positions of the
dislocation half-loop ends prior to and after the
mechanical deformation of the samples.

The experimental data obtained in the present work
allowed usto reveal anumber of featuresin the motion
of didocation segments in the silicon crystals which
were subjected to the preliminary magnetic treatment.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Let us consider how the magnetic treatment of sili-
con samples affects the el ectroplastic effect.

Aswas noted above, the treatment of theinitial sili-
con crystals in a magnetic field leads to the pinning of
didocations in the starting positions and a decrease in
the velocity of dislocation motion. The electroplastic
effect manifestsitself in the silicon crystals excited by
adirect current and implies an increase in the velocity
of dislocation motion and a decrease in the starting
stresses. Therefore, it can be assumed that the €l ectro-
plastic effect is unlikely to be caused only by the influ-
ence of the dc magnetic field. Most probably, the elec-
troplastic effect is associated with a diversity of other
factors.

In our opinion, it is of interest not only to determine
the contribution of the dc magnetic field to the electro-
plastic effect, but also to analyze the influence of the
preliminary magnetic field treatment on the magnitude
of this effect.

As can be seen from the dependences depicted in
Fig. 1, the velocity of dislocation motion upon excita-
tion by the direct electric current in the silicon samples
subjected to the magnetic treatment (curve 2) is less
than that in the samples which were not treated in the
magnetic field and were excited only by the current
(curve 3). Inthis case, asfollows from the experimental
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Fig. 1. Dependences of the mean dislocation path length L on
the timet of applying the mechanical stressc = 63.5 MPaat
atemperature of 923 K for (1) theinitial silicon crystal sam-
ples (subjected to tensile deformation), (2) silicon crysta
samples treated in amagnetic field (B = 0.17 T) with subse-
quent extension under electric current passage (j = 1 x
10° A/m?), and (3) silicon samples subjected to tensile defor-
mation with simultaneous passage of an electric current
(j =1 x 108 A/mP).
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Fig. 2. Temperature dependences of the velocity of disloca
tion motion in silicon crystals strained under a mechanical
stressof 63.5 MPa. Thedesignationsarethesameasin Fig. 1.

data, the dislocation velocity after the magnetic treat-
ment of samples decreases approximately by afactor of
three, irrespective of the density of the current exciting
these samples. At the same time, the velocity of dislo-
cation motion in the silicon crystals untreated in the
magnetic field depends on the current density [14].

If the magnitude of the electroplastic effect is taken
to mean the ratio between the dislocation velocities in
the current-excited and initial crystals, it turns out that
the magnitude of the electroplastic effect after the mag-
netic treatment decreases approximately by a factor of
three. For example, at atemperature of 923 K, the mag-
nitude of the electroplastic effect is equal to 15 for the
samples excited by the direct current and 5 for the crys-
tals treated in the magnetic field. The preliminary
investigations revealed that, upon electric insulation of
silicon crystal samples subjected to the magnetic treat-
ment, the dislocation velocity in these crystas
decreases to zero. Consequently, the electroplastic
effect induced by the electricfield in the silicon crystals
treated in the magnetic field not only decreases (asin
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the case of electric current), but also changes sign.
However, these data require further checking and
refinement.

Now, we consider the temperature dependence of
the velocity of dislocation motion. Figure 2 displays a
series of the experimental dependences V = f(1/T) for
the initial samples and the samples treated in the mag-
netic field. These dependences were used to calculate
the activation energies of dislocation motion for the
samples which were preliminarily subjected to the
magnetic treatment and then were excited by the direct
current and the samples which were excited only by the
direct current without preliminary treatment in the mag-
netic field. The activation energies were found to be
amost the same for both samples: Eyr,, = E =0.75eV.
For the initial silicon samples, the calculated activation
energy E;;; was equal to =2.03 eV.

The observed effect of the magnetic field on the dis-
location mobility in diamagnetic silicon can be gov-
erned by adiversity of factors. In particular, the change
inthe dynamic behavior of dislocationsin theinitial sil-
icon crystals due to their magnetic field treatment can
be explained by the rearrangement of a system of point
defects and defect complexes which interact with elas-
tic fields of dislocations[15].

L et us analyze the influence of magnetic field on the
electroplastic effect. As was noted in our earlier works
[13, 14], a possible reason for the electroplastic effect
can bethe changein the charge state of dislocationsand
their environment, which results in a decrease in the
Coulomb component of the interaction between dislo-
cations and trapping centers and aso in the height of
barriers that fix dislocations in the starting positions.
Moreover, from our point of view, the electroplastic
effect can aso be associated with the influence of an
excess energy that islocally released in the dislocation
region upon recombination of carriers during the pas-
sage of an electric current in crystals. This energy facil-
itates the formation and motion of charged double dis-
location kinks.

The experimental results obtained in the present
work can be qualitatively interpreted by invoking the
model proposed by Kveder et al. [16]. Thismodel treats
the spin-dependent recombination of free carriers
through dislocation dangling bonds in magnetic fields.
The electron (or hole) trapping from shallow levelsinto
dislocation dangling bondsis a spin-dependent process.
In this case, the trapping probability depends on the
polarization of a spin chain of dislocation dangling
bonds and the direction of the electron spin.

It seems likely that the magnetic field in our experi-
ments brings about a change in the polarization of a
paramagnetic spin center and adecreasein the trapping
probability. As a result, the probability of carrier
recombination decreases.

As follows from the experimental results obtained
in this work, in the silicon crystals treated in the mag-
netic field and excited by the direct current, the vel ocity

No. 3 2001



ON THE INFLUENCE OF A CONSTANT MAGNETIC FIELD

of dislocations changes and the activation energy of
their motion remains virtually constant. The latter
result indicates that the effects observed are associated
with the change in the preexponential factor in the
empirical formulaobtained by Maedaet al. [17] for the
dislocation velocity in silicon crystals excited by an
electron beam. The preexponential factor in this for-
mula involves the recombination frequency v multi-
plied by the quantum yield n [17]. According to [17],
we can assume that the magnetic field affects the
recombination frequency which is determined by the
rate of theformation of carriers, their lifetime, and trap-
ping cross section of the kink.

Therefore, asin [16], it can be assumed that silicon
crystals contain both purely fluctuation trapping cen-
tersand purely spin trapping centers which behave dif-
ferently in fast capture events in the presence of field
effects, in particular, “magnetic” effects. The changein
the state of spin trapping centers after the treatment of
silicon samples in the magnetic field leads to the
change in the magnitude of the electroplastic effect. In
the case when the silicon crystals subjected to the pre-
liminary magnetic treatment are excited by the electric
current, the electroplastic effect decreases approxi-
mately by a factor of three. According to the experi-
mental data, a decrease in the electroplastic effect is
characteristic of the entire studied range of current den-
sities. It should be noted that a threefold decreasein the
electroplastic effect is observed independently of the
density of the current exciting the silicon samples.

The last result suggests that, under the given exper-
imental conditions, the spin-dependent recombination
is virtualy independent of the current density and,
according to [16], depends only on the polarization of a
dislocation dangling bond chain with respect to the
direction of the electron spin.

All the above experimental findings require a
detailed theoretical interpretation. However, it has
aready been possible to draw the inference about the
practical importance of the results obtained in this
work.

Since the dangling bonds of silicon are responsible
for the spin-dependent recombination channel, it is
clear that the magnetic field treatment of silicon sam-
ples leads to the “neutralization” of spin trapping cen-
ters and a decrease in the recombination probability.
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Abstract—The strength of sheet glass treated by etching in a hydrofluoric acid with subsequent deposition of
an amorphous hydrogenated carbon coating 50 nm thick is investigated. The carbon coating is applied by ion
magnetron sputtering of a chemically pure graphite target. It is shown that the strength of the sheet glass after
coating is retained at a level of 2.4 GPa. The leaching of the surface glass layer upon treatment in water at a
temperature of 96°C prior to the deposition of acoating leadsto an increase in the strength by 12%. The crack-
ing resistance of the glassis examined by the microindentation technique. It is revealed that the load P, which
corresponds to the formation of 50% of all the cracks increases by afactor of three upon deposition of the coat-
ing and by afactor of 15 after the preliminary leaching of the glass surface. The assumption is made that the
preliminary leaching of the glass surface considerably enhances the adhesion of the hydrogenated carbon film
to the glass surface and, thus, improves its protective properties. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, amorphous hydrogenated carbon or
diamond-like coatings have attracted the particular
attention of researchers owing to their unique proper-
ties, such as high hardness, wear resistance, chemical
durability, transparency, etc. [1]. These propertiesallow
the use of diamond-like films as protective coatings by
way of their deposition onto various materials.

The structure of diamond-like films, which represents
amorphous hydrogenated carbon a-C : H, has been
investigated thoroughly [1-3]. It was shown that this
structure depends on the preparation conditions and can
vary over awide range from structures close to diamond
to a graphite-like structure. As a rule, the structure of
a-C : Hfilmsis considered amixture of nanometer-sized
structures with carbon in the sp3- and sp?-hybridization
states. Such properties as the density, microhardness,
band gap, and others depend on the fraction of a particu-
lar structure and the hydrogen content [4-6].

Note that the protective properties of afilm substan-
tially depend on its adhesion to a substrate material.
High stresses at the film—substrate interface can result
inthe peeling of the film and itsfracture [7]. These phe-
nomena are observed, for example, upon film deposi-
tion onto silicide-forming metals. By contrast, the film
deposition onto carbide-forming metals provides a
good adhesion of carbon filmsto the substrate. For this
reason, in some cases, improvement in the adhesive-
ness is achieved with intermediate layers, for example,
from silicon [7].

It was of interest to investigate the possibility of
applying amorphous hydrogenated coatings on a glass
treated by chemical polishing in hydrofluoric acid. It is
well known that, after the removal of a surface defect
layer by etching in hydrofluoric acid, commercial sheet
glasses possess a high strength which is close in the
order of magnitude to the theoretical value [8, 9]. On
the other hand, it is aso known that glassesin a high-
strength state are extremely sensitive to mechanical
contacts with solids. Thisis explained by the fact that
inorganic glasses upon indentation can undergo a plas-
tic deformation without fracture only within avery lim-
ited volume [10]. Therefore, any contact with a solid,
especially when sharp and hard dust particles occur in
the contact area, usualy leads to the formation of
microcracks and a decrease in the strength.

The main problem of retaining the high strength of
aglassisto prevent the formation of new defectswhich
can serve as stress concentrators on the glass surface.

This problem can be solved in part either by plasti-
cizing the surfacelayer of aglass[11, 12] or by creating
compressive stresses in this layer [13-15]. Another
method that can be used in a combination with the
above techniques consists in preparing protective coat-
ings on the glass surface.

The aim of the present work was to investigate the
influence of thin amorphous hydrogenated carbon
(a-C : H) coatings on the strength and cracking resis-
tance (resistance to the formation of cracks) of a glass
treated by chemical polishing.
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2. EXPERIMENTAL TECHNIQUE

An a-C : H coating was applied by ion magnetron
sputtering of achemically pure graphite target in avac-
uum chamber. In these sputtering systems, electrons
emitted by a target are captured by a magnetic field,
which prevents their bombardment of substrates and a
heating to high temperatures[16]. After the preliminary
evacuation to a pressure of 10°-1075 torr, the chamber
was filled with a working gas (80% argon and
20% hydrogen). The working gas pressure was brought
up to ~5 x 10~ torr. In this case, the discharge voltage
was 370-400 V and the current strength was main-
tained equa to 0.5 A. A sample in the form of a glass
plate was fastened on a metal disk, which was located
at adistance of 130 mm above the cathode target. Dur-
ing the sputtering of the target, the disk was rotated
about its axis and along the chamber perimeter, which
provided a uniform deposition of the coating. A nega-
tive potential of 24V was applied to the disk.

Thethickness of adeposited film was determined by
the ellipsometric method with the use of an LEF-3m
instrument operating in a reflection geometry at the
wavelength of a He-Ne laser. Under the above sputter-
ing conditions and a sputtering time of 30 min, the coat-
ing thickness was egqual to ~50 nm.

The optical absorption spectra of the films prepared
under the specified sputtering conditions were mea-
sured on a Hitachi U-3410 spectrophotometer. It was
found that the optical band gap in thesefilmsisequal to
~2 eV, which is characteristic of films containing amor-
phous hydrogenated carbon formed from the nano-
structures with the sp*- and sp?-hybridizations of car-
bon electron shells[3].

The amorphous hydrogenated carbon films were
deposited onto glass plates 1.4 x 120 x 120 mmin size,
which were cut from the commercia sheet soda—ime—
silica glass prepared by vertical drawing. The high
strength of glass samples of the given sizewas achieved
by chemical polishing (etching to a depth of 0.05 mm)
in an aqueous solution of hydrofluoric acid under the
conditions which excluded the damage of their operat-
ing surfaces [8]. Selected samples after the etching
were further treated in water at a temperature of 96°C
for 1 h. After the deposition of the coating, each plate
was cut into four parts, and the obtained samples 1.3 x
60 x 60 mm in size were tested for strength.

The strength was determined by the central symmet-
ric bending method. The diameter of aring support was
equal to 40 mm and the diameter of aloading ring was
8.5 mm. The formulas for calculating the stresses for a
rigid plate [9] could not be used in this case, because
the deflection of samples with a strength higher than
0.5 GPa exceeded one-half the sample thickness.
Therefore, the calculations of the strength were
performed using the calibration curve obtained with
the reference tables for flexible plates [17]. The accu-
racy in determination of the strength was ~5%. At
least 25-40 samples were tested in each case.
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Experimental data on the strength of a glass treated by etch-
ing in hydrofluoric acid prior to and after deposition of the a-
C : H coating

- Mean Variaion
Condions s aveng 0S| osfioen
o, GPa PSSy %

Etching in hydrofluoric acid| 2.4 42 10
The same with subsequent 24 29 15
deposition of thea-C : H 2
coating under standard 11 1 S0
conditionst
Thesamebut at adischarge | 0.7 18 60
voltage of 430V
Etchingin hydrofluoricacid | 2.7 24 14
with subsequent treatment
in water at 96°C
The same with subsequent 2.7 26 10
deposition of a-C : H coeating 2
under standard conditions! 14 18 S0

1 Standard conditions of coating deposition: working gas pressure,
5 x 1072 torr; vol tage, 370400 V; ionic current, 0.5 A; negative
bias at the substrate —24V/; time, 30 min; and coating thlckness
50 nm.

2 Possibleinstabil ity in the form of ionic current surges upon bom-
bardment of atarget.

The resistance of strengthened glasses to crack for-
mation (cracking resistance) upon contact with solids
was studied by the microindentation technigue—the
indentation of a standard Vickers diamond pyramid
with an apex angle of 136° into the glass. Twenty
indentations for each load were made with a PMT-3
microhardness gauge. The number of radial cracks
emanating from corners of an indentation was mea-
sured after the unloading of an indenter. The case when
four cracks emanated from four corners in each inden-
tation was taken as 100%. Indentations were produced
with loads from 0.5 to 10.2 N. The cracks can be
formed immediately after the unloading of the indenter
or after awhile. Therefore, in order to decrease the scat-
ter in the data, the measurements were performed
within 30 min after the unloading of the indenter.

The curves of the probability of forming radial
cracks (the number of cracks in percentage) as a func-
tion of theindenter load characterize the cracking resis-
tance of a glass prior to and after the deposition of the
coating.

3. RESULTS AND DISCUSSION

The results of measuring the strength prior to and
after the deposition of the coating are given in the table.
The mean strength of the glass treated by etching in
hydrofluoric acid is equal to 2.4 GPa with a variation
coefficient of 10%, which is close to the data on the
strength measured earlier by central symmetric bend-
ing of arigid plate [9].
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Fig. 1. Strength of the sheet glass subjected to (a) etching
in hydrofluoric acid and (b) subsequent deposition of the
a-C : H coating 50 nm thick and the sheet glass subjected to
(c) treatment with water at 96°C for 1h after the etching in
hydrofluoric acid and (d) subsequent deposition of the
a-C : H coating 50 nm thick. Horizontal lines correspond to
the mean strengths.
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Fig. 2. Dependences of the relative number of cracks (n/N)
formed upon indentation of aVickersdiamond pyramid into
aglass on the indenter load for the glasses subjected to dif-
ferent surface treatments: (1) etching in hydrofluoric acid
and (2) subsequent deposition of the a-C : H coating 50 nm
thick and (3) treatment with water at 96°C for 1h after the
etching in hydrofluoric acid and (4) subsequent deposition
of the a-C : H coating 50 nm thick.

The deposition of coatings can result both in an
increase in the strength of a glass due to a decrease in
the attack of environment and in a decrease in the
strength when, for one reason or other, the deposition of
the coating brings about the formation of new defects
on the surface.
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The tabulated data on the glass strength measured
after the deposition of the a-C : H coating can be sepa-
rated into two groups (see table). In the first group, the
mean strength is equal to 2.4 GPa (the variation coeffi-
cient is 15%), which isvirtually identical to the strength
of the glass without coating. In the other group of exper-
iments, which were performed under the same condi-
tions of coating deposition, the strength considerably
decreases (down to 1 GPa) and the variation coefficient
increasesto 50%; i.e., in this group of experiments, high
values of the strength (greater than 2 GPa) are observed
together with very small strengths of ~0.5 GPa.

The amorphous hydrogenated carbon film isformed
upon deposition of carbon onto the glass surface under
the conditions of an argon-hydrogen plasma. As was
shownin our earlier work [18], the bombardment of the
glass surface by argon ions at voltages higher than
400V and a gas pressure of 107 torr brings about a
decrease in the glass strength. At a lower pressure of
102 torr, the strength virtually does not decrease. Fur-
thermore, it was reveal ed that the presence of hydrogen
in the plasma does not lead to a considerable decrease
in the strength [18].

Sincethe a-C : H coating was deposited under apres-
sure of 103-107 torr and at a voltage of 360-400V, the
presence of argon and hydrogen ions should produce an
insignificant negative effect on the strength.

Asarule, adecreasein the strength was observed in
the case when the gas discharge became unstable,
which manifested itself in short-term ionic current
surges. The number of experiments in which the sput-
tering of coating exhibited instability was as much as
~30% of all the experiments.

An increase in the discharge voltage above 400 V
and, correspondingly, in the rate of target sputtering
also leads to a decrease in the strength of a glass after
the deposition of the coating.

The data on the strength of glass samples subjected
to etching with subsequent treatment in water at atem-
perature of 96°C are also listed in the table. This treat-
ment results in an increase in the strength to 2.7 GPa,
i.e., by 12%. The same strength was found after the
deposition of the a-C : H coating. It should be noted
that, in this case, too, the instability of target sputtering
and a decrease in the strength were observed in a num-
ber of experiments (~30%).

Thus, the results obtained indicate that the amor-
phous hydrogenated carbon coating does not lead by
itself to a decrease in the glass strength (Fig. 1). How-
ever, the technique used in the present work for the dep-
osition of coatings by sputtering a solid target is likely
characterized by a certain instability which is associ-
ated with the structure of the target material and jumps
inthe intensity of the beam of particles bombarding the
target. It isquite possiblethat, under certain conditions,
not only individual ions or atoms but their aggregates
can be knocked out of the target. The deposition of
these aggregates onto the glass surface (substrate) can
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bring about alocal heating of the surface and, as a con-
sequence, the formation of microdefects.

The next part of this work is concerned with the
investigation into the protective properties of the coat-
ing. The purpose of this part of the present work is to
answer the question of how much the thin amorphous
hydrogenated carbon film (~50 nm thick) can increase
the cracking resistance of the glass, i.e., the resistance
of the glass to formation of cracks upon contact with
solids.

Figure 2 shows the dependences of the number of
cracks formed upon indentation of a diamond pyramid
into the glass on the indenter load. The cracking resis-
tance of materials is usually characterized by the load
P. which corresponds to the formation of 50% of all the
cracks.

As can be seen from Fig. 2, this load for the glass
treated by etching in a hydrofluoric acid is equal to
~0.5N (curve l). After the deposition of thea-C : H coat-
ing, the cracking resistance curve is shifted toward the
right (curve 2) and the value of P, increasesto 1.7 N.

The cracking resistance increases still further when
the etched glassistreated in water at 96°C for 1 h prior
to the deposition of the coating. In this case, the value
of P.increasesto 7.5N, i.e., by afactor of 15 compared
to P, for the glass without coating.

Therefore, the treatment of glassin water at an ele-
vated temperature, which, as is known, leads to the
leaching of the surface layer of the glass [19], strongly
affects the protective properties of the film. Upon
leaching of the glass in water, akali metal ions leave
the surface glass layer, whereas hydrogen ions pene-
trate into the glass; i.e., the ion-exchange process
occurs. For example, upon treatment in boiling water
for 1 h, the concentration of hydrogen ions in the sur-
face layer increases two or three times, and the concen-
tration of sodium ions likewise decreases by afactor of
two or three [20]. As aresult of this process, the struc-
ture of the surface glass layer is modified: a sufficiently
strong Coulomb cation—oxygen interaction gives way
to a considerably weaker interaction between the =Si—
OH silanal groups due to hydrogen bonding. Thisleads
to an increasein the molecular mobility of the structure
of the surface layer and enhances its relaxation ability
[11, 12].

Indeed, as can be seen from Fig. 1, the curve char-
acterizing the cracking resistance of the glass without
coating is shifted toward the right after the treatment in
water; i.e, the resistance to the crack formation
increases by almost a factor of 2.5 (P, = 1.2 N). How-
ever, as was shown above, the largest increase in the
cracking resistance is observed in the case when athin
layer of the a-C : H coating (~50 nm) is deposited onto
the leached glass.

It is known that radial cracks are formed under
residual tensile stresses which arise on the glass surface
after the unloading of the indenter. Kurkjian et al. [21]
proved that the emergence of radial cracks substantially
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depends on the attack of the environment: the crack for-
mation increases in a corrosive medium and decreases
or ceases in aneutral medium.

In this respect, we believe that the protective prop-
erties of a very thin amorphous hydrogenated carbon
layer are associated with a decrease in the attack of the
environment, namely, water vapors, on the glass sur-
face during the penetration of the indenter and after its
unloading. The higher the adhesion of the coating to the
glass surface, the stronger its protective properties can
be. In the case when the adhesion is insufficient, the
film peels at the indenter boundaries or in adjacent
regions and water molecul es penetrate to stressed bonds,
which results in the formation of microcracks.

It seems likely that the treatment of glass in water
prior to the deposition of the coating brings about an
increase in the adhesion of the hydrogenated carbon
film to the glass due to the removal of sodium ionsfrom
the glass surface. Electric fields of alkali metal cations
can hamper good adhesion of carbon atoms deposited
onto the glass surface. By contrast, an increase in the
hydrogen content in the surface layer of the glass can
encourage the formation of hydrogenated carbon com-
plexes.

4. CONCLUSION

Summarizing the results of the present work, we can
draw the following inferences. The deposition of amor-
phous hydrogenated carbon coatings onto the glassin
the high-strength state does not reduce its strength.
However, the technique used in this work for the sput-
tering of a graphite target does not necessarily ensure
the stability of the coating deposition process, which, in
some cases, leads to a decrease in the glass strength.

The protective properties of the amorphous hydro-
genated carbon coating depend on the adhesion of the
film to the glass surface. The preliminary leaching of
the glass surface upon treatment of the glassin water at
a temperature close to the boiling point considerably
improves the protective properties of the a-C : H film,
which brings about an increasein the resistance of glass
to the crack formation upon mechanical contacts.
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Abstract—A changeinthe electrical conductivity, o, is observed in the manganese perovskite La;, _,CaMnOg,
with x = 0and 0.3 under saturation of the magnetic resonance transitions of Mnions. Thiseffect hasamaximum
in the temperature range of the magnetic phase transition of the compounds. Two contributions to the change
in g are found. The first, dominating in LaMnO;, is an increase in o caused by heating of the sample under
magnetic resonance. The second is a o decrease due to reorientation of the Mn spins, observed in
Lag 7Cay3MnO3. © 2001 MAIK * Nauka/Interperiodica” .

Recently, much interest has been directed to the
properties of the mixed valence compound

La,_,CaMni sMn; O; (LCMO) due to the appear-

ance of “colossal” magnetoresistance at the paramag-
netic—ferromagnetic (PM-FM) transition. The ferro-
magnetic coupling is strongest at x = 0.3-0.4, which
gives the maximum Curie temperature T = 250 K [1].
The correlation between the conductivity and magnetic
ordering of Mn ions has been attributed to the double-
exchange (DE) mechanism [2-4] with a connection to
the Jahn—Teller interaction to take into account the
electrorH attice interaction [5] and the formation of lat-
tice polarons [6, 7]. Recently, it was shown [8, 9] that
the sharp decrease in the resistance of La, _,CaMnOq
(0.15 < x < 0.4) near T, can be explained by the col-
lapse of the carrier density due to the tendency of
polaronsto form immobile bound pairsin the PM phase
and the dissociation of the pairsin the FM phase.

Asfollows from al the models presented, the resis-
tivity p(T) of the manganese perovskites depends
strongly on the average spin projection [$,of the Mn
ions. EPR investigations of LCMO in the PM phase
[10-13] have shown that all Mn3* and Mn** ions con-
tribute to a broad unresolved EPR line, characterized
near room temperature by a g-factor of about 2 and a
linewidth AB,,, = 10-20 mT. The shape and width of
this line depend on the Ca doping X, the temperature,
and the sample preparation. Accurate measurements of
the EPR line intensity have shown that the magnetic
susceptibility is proportional to [5,0and coincides with
the susceptibility of the Mn system determined by dc
magnetometry [12]. As the temperature is lowered

L This article was submitted by the authorsin English.

towards the PM—FM transition, the amplitude and the
width of the EPR line increase gradually. Upon passing
T, the EPR line remarkably broadens attaining awidth
of AB, = 100-200 mT. An additional broad line with
g>2 atributed to the FM phase [13] is usualy
observed below the PM—FM transition.

In the PM phase (T > T.), where the EPR line of the
Mn ions is easily detectable, the value of [$,[can be
changed by a resonant microwave field strong enough
to saturate the EPR transitions. A consequent change
can be observed in p(T) by using electrical contacts on
a sample. This technique of the electrical detection of
magnetic resonance (EDMR) gives direct information
about the relation between the transport properties and
the average spin projection of Mn ions and allows one
to detect the contribution of the magnetic field to the
conductivity of LCMO in relatively weak magnetic
fieldsB < 1T. Sofar, the EDMR method has been used
only for investigating paramagnetic centersin semicon-
ductors. In this paper, we report the first observation of
a change in p(T) induced by a microwave resonance
field in manganese oxide perovskites.

Ceramic samples of La, _,CaMnO; with x = 0 and
0.3 were synthesized by mixing stoichiometric
amounts of high-purity oxides La,0O; CuCO,; and
MnO, and heating them at 1320°C for 35 h with inter-
mediate grindings. Then the powder was pressed into a
pelet, sintered at 1375°C in air for 22 h, and finally
annealed at 1520°C for 13 h. For the EDMR investiga-
tions, samples of the size 0.5 x 0.5 x 0.5 mm were cut
from the pellet and provided with electrical contacts sol-
dered with In on two opposite ends. The magnetic prop-
erties of the samples were investigated by an rf-SQUID
magnetometer.

1063-7834/01/4303-0489$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Temperature dependences of (a) the magnetic
moment M and (b) the resistivity p for (1) Lag 7Cag3MnO3
and (2) LaMnOs.
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Fig. 2. (a,d) EPRand (b, c, e, f) EDMR signals observed in
Lag7Cap3sMnOs ét (a, b, ) T=275and (d, e, f) 250 K for
the currents | obtained by application of a positive and a
negative voltage V across the sample. All measurements are
made for P = 400 mW, sufficient to saturate the Mn EPR
trangitions.

The EDMR experiments were performed with an
EPR spectrometer at the microwave frequency of
9.024 GHz and powers up to P 0400 mw, employing
100-kHz field modulation with an amplitude of B,, =
1 mT. The spectrometer alows simultaneous observa-
tion of the usual EPR spectra and of the changesin o
under scanning the magnetic field B. To establish a sta-
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ble measurement current of | = 0.1-20 mA, in the
geometry of | || B, a dc voltage V was applied to the
contacts through aload resistor R, > 10Rg, where Rgis
the resistance of the sample. The amplitude of the oscil-
lating voltage across the ends of the sample at the
100 kHz field modul ation frequency was detected by a
lock-in amplifier, allowing us to observe only the field-
dependent part of Rs. The temperature of the sample
was varied over a range of 70-300 K in a helium gas-
flow cryostat.

Figure 1a shows the temperature dependence of the
magnetic moment M(T) for the La,,Ca,3MnO; and
LaMnO; samplesmeasured inthefield B=0.2 mT after
zero field cooling. With these data, the PM—FM transi-
tion at T; = 250 K can be clearly revedled in LCMO
with x = 0.3. The magnetic anomay observed in
LaMnO; below T [1170 K and the decrease in M(T) for
T <120 K can be attributed to antiferromagnetic order-
ing. The temperature dependences of p measured
directly in the cavity of the EPR spectrometer at B 10
are plotted in Fig. 1b. These measurements were made
by a two-point-contact method, such that the resistivity
of the contacts can give the contribution to the mea-
sured values. The resistivity of La,,Ca,sMnO; has a
drop below T 0250 K corresponding to the PM—FM
transition. Theresistivity of LaMnO, shows a semicon-
ductor-like behavior for T < 300 K.

The change in p under magnetic resonance was
found in La,,Ca, sMnO; for microwave powers 100 <
P <400 mW. The EDMR signals observed at T = 275
and 250 K for opposite directions of the current | are
shown in Fig. 2 (curves b, ¢, e, and f). The shape of
these signals is similar to that of the EPR line of Mn
ionswith g = 2 (curvesa and d). The changein the sign
of the EDMR signal Staking place when | is reversed
can be explained simply by a 180° phase shift of the
aternating (100 kHz) voltage appearing across the
sample. This confirms that the EDMR signa really
originates from a change in p under saturation of the
EPR transitions. The sign of this change was estab-
lished independently with the same ingtallation by
comparing the sign of the EDMR signal with the sign
of the resonance change in the photoconductivity
caused by spin-dependent recombination in irradiated
silicon [14]. This experiment revealed that the resistiv-
ity of Lay;Ca,sMnO; increases under magnetic reso-
nance.

The amplitudes of the EPR and EDMR signals
increase when the temperature decreases from 300 to
250 K. Below T, the EPR and EDMR lines are consid-
erably broadened and disappear below T [1220-230 K.
Theamplitude of the EDMR line Sincreasesroughly lin-
early with the square root of the microwave power up to
P 0400 mW, whereasthe EPR line exhibitsthe usua sat-
uration behavior [15] aready above P 0120 mW. Under
saturation of the EPR transitions, the ratio between the
numbers of Mn ions with spin-up and spin-down orien-
tations decreases. This leads to a decrease in [$,0and,
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G signals(Fig. 2) onthevalue of thedc current | through the
Lag 7CapsMnO3 sampleat T = 250 K.

consequently, to a decrease in o, in accordance with the
proposed models [2-9]. The relative change in theresis-
tance of the sample under magnetic resonance ARy Rgis
~1073, which is surprisingly low when account is taken
of the much larger change of ASE,H~ 0.1-0.3 esti-
mated from the saturation of the EPR line.

Ascan beseenfrom Fig. 2 (tracese, f), an additional
change G in the background signal, depending on the
magnetic field, is observed at T = 250 K. This is the
contribution of the magnetoresistance to the total resis-
tivity of the sample. The electrically detected signals S
and G show different dependences on the value of |
(Fig. 3). While Sexhibitsasaturation at | 05 mA, G has
no saturation up to | = 50 mA.. This suggeststhat differ-
ent physical mechanismsareresponsible for the EDMR
line Sand for the magnetoresistance signal G. The sat-
uration of Swith increasing |, as well as the low value
of ARy/Rg, can be attributed to scattering of carriers by
localized magnetic moments of Mn ions. This interac-
tion can strongly reduce the Mn spin relaxation time,
and, therefore, higher microwave power is needed to
saturate the EPR transitions. It is equivalent to the
reduction of ALS,[[S,[ &t afixed microwave power. This
can explain the saturation of Swhen | isincreased. The
G signal does not depend on the microwave resonance
condition and is, therefore, independent of the Mn
relaxation time.

The Sand D signals observed at the 100 kHz modu-
lation frequency of B were not found in LaMnOs;.
Instead, a strong change in o was detected in the range
of 100 < T < 200 K when measuring the dc component
of | under magnetic resonance. The recorded traces of
the EPR signal and the dc resistivity of LaMnO; are
shown in Fig. 4. The resistivity decreases under EPR,
whereas the EDMR signal in La,;Ca,sMnO; corre-
spondsto an increase in p. Taking into account the high
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Fig. 4. (a, ¢) EPR and (b, d) dc EDMR signals detected in
LaMnOgat T =190 and 140 K.

sensitivity of p to temperature (Fig. 1b), the EDMR sig-
nals in LaMnO; can be explained by heating of the
sample by the microwave field under the magnetic res-
onance of Mnions.

In conclusion, we are the first to apply the EDMR
method for investigating the manganese oxide perovs-
kites La, ;Ca,sMnO; and LaMnO,. Two contributions
leading to EDMR signals of opposite signs are found.
The decrease in p observed in LaMnO; is related to
heating of the sample by the microwave field under
magnetic resonance. Instead, in La,;,Ca,sMnO;, the
increasein p is caused by the magnetic resonance reori-
entation of the Mn spins, in agreement with the DE
mechanism [2-4]. Saturation of the EDMR signal with
increasing the dc current through the sample and an
additional nonresonant change in p, related to magne-
toresistance, are observed in L&, ,Ca, sMnO;. All these
signals have a maximum amplitude near the magnetic
phase transitions of the samples.
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Abstr act—Off-stoi chiometric manganese monosulfides a-Mn,S (1 < x < 1.25) are synthesized, and their crys-
tal structure and magnetic properties are studied in the 4.2- to 300-K range. The compounds have a NaCl fcc
lattice. Increasing the manganese ion concentration X in the antiferromagnetic semiconductorsa-Mn,Sisfound
to result in concentration- (X, ~ 1.05) and temperature-driven (T, ~ 50 K) magnetic transitions from the antifer-
romagnetic to ferromagnetic state, with the cubic structure remaining unchanged. © 2001 MAIK “ Nauka/Inter-

periodica” .

It is customarily assumed [1, 2] that manganese
monosulfide, similar to MnO and NiO, is a classica
second-type antiferromagnet, with the magnetic unit
cell being a doubled crystallographic cell. The mag-
netic moments associated with the Mn?* ionslie in the
(111)-type planes and exhibit ferromagnetic in-plane
and antiferromagnetic intraplane ordering. This mag-
netic structureistypical of rare-earth metal oxideswith
a LaMnOs-type perovskite structure [3]. Interest in
manganese monosulfide increased after the discovery
in its solid solutions FeMn, _,S of a colossal negative
magnetoresistance [4], whose mechanism, as well as
ferromagnetic nature, remains unclear. It thus appeared
of interest to perform an integrated investigation of the
physical properties of manganese monosulfide.

This paper presentsthe resultsof aninvestigationinto
the temperature behavior of the structure (100-300 K)
and magnetic properties (4.2-300 K) of the a-Mn,S
sulfides (1.00 < x < 1.25). The investigation was car-
ried out on single-crystal (x = 1.00) and polycrystal-
line (x =1.00, 1.05, 1.15, and 1.25) samples. The tech-
nology used to prepare the polycrystals was described
in [5]. The a-Mn,S single crystal was obtained by sul-
fidization of molten metallic manganese. The x-ray
characterization of the samples was performed on a
DRON-2.0 diffractometer with CuK, radiation withina
grazing angle region of 0° to 70°. The magnetization of
the samples was measured with a SQUID magnetome-
ter in thetemperature range from 4.2t0 300 K in amag-
netic field of 100 Oe.

The x-ray diffraction measurements showed that at
300 K the samples have the fcc NaCl lattice typical of
manganese monosulfide. The lattice parameter for the
single crystal with x = 1.00 isa = 5.216 A, and for the
polycrystal, a = 5.222 A, which is close to the data

quoted in [2] (a = 5.22 A). At T ~ 166 K, the lattice
parameter exhibits an anomaly similar to the one
observed at 150 K in [2], which indicates a rhombohe-
dral distortion of the cubic lattice. The lattice parameter
decreases with decreasing temperature (Fig. 1a); this
decrease becomes sharper for T < 166 K, but within the
100 < T < 122 K region, it is practically temperature-
independent. The results of the structura study of the
single crystal are corroborated by optical measure-
ments made on the same crystal [6]. Optical measure-
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Fig. 1. Temperature dependences of (a) the | attice parameter
and (b) magnetization of a-MnS.
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Fig. 2. Temperature dependences of the magnetization of a-Mn,S with compositions (x): (&) 1.05, (b) 1.15, and (c) 1.25. Theinset
to Fig. 2a shows the temperature dependence of magnetization obtained for x = 1.05 in the 100- to 200-K region.

ments and a calculation of the temperature coefficient
of expansion yield T, = 162 + 2 K for the temperature
of the structural transition in single-crystal manganese
monosulfide. As the manganese concentration in Mn,S
(.00 £ x < 1.25) increases at 300 K, the cubic cell
parameter of the polycrystalline sample varies from
5.222 A (x=1.00) t0 5.218 A (x = 1.25).

Figure 1b shows the temperature dependence of
the magnetization of single-crystal a-MnS measured
in a magnetic field perpendicular to the (100) plane.
This dependence is similar to the one reported in [2]
and passes through a maximum at Ty = 157 K, which
is evidence of a transition from the paramagnetic to
antiferromagnetic state. Similarly to thea-MnSsingle
crystal studiedin[2], in our crystal, the antiferromag-
netic transition is observed to occur in the region of
existence of the distorted NaCl structure. The magnetic
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susceptibility of a-MnS at Ty is 76.2 x 10° cmi/g
(66.28 x 10~ cm3mol), whichisin accord with avail -
able data (63.5 x 104 cm®mol [2]). In the 200-400-K
region, the magnetic susceptibility obeys the Curie—
Weiss law with a paramagnetic Curie temperature of
~—600 K.

Figure 2a presents the temperature dependence of
magnetization for the a-Mn,S sulfide with x = 1.05
measured in a field of 100 Oe. The magnetization of
this sample measured within the 45-270-K region
behaves similarly to a-MnS manganese monosulfide.
At Ty, = 155 K, one observes amaximum indicating the
transition from the paramagnetic to antiferromagnetic
state. At the Neél temperature, the magnetic suscepti-
bility for x = 1.05 is close to that found for x = 1.00. At
T, ~ 40 K, a second magnetic transition similar to that
observed in the Cry,sMn, S solid solution [7] was dis-
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covered. The temperature dependence of magnetization
measured on a ZFC sample exhibits a sharp peak at T,
(the Hopkinson effect) (Fig. 2a). The FC magnetization
measured at H = 100 Oe is characteristic of ferromag-
nets and is evidence of atransition from the antiferro-
magnetic to ferromagnetic state. The ZFC magnetiza-
tion measured on this sample (x = 1.05) at 4.2 K is
95.3 x 10 emu/q.

Figure 2b displays the temperature dependence of
ZFC magnetization for the x = 1.15 sulfide. The magne-
tization of this sample within the 4.2-50-K interval
behaves asit doesin the sample with x = 1.05 (Fig. 2a).
The transition point to the low-temperature ferromag-
netic phase in this sulfideis T, = 45 K. For T > T, the
magnetization of the sulfide with x = 1.15 differs in
behavior from that observed in the previously men-
tioned samples. As the temperature increases, the mag-
netization dropsto 370 K, with an anomaly seenat T =
133 K. In the 133- to 370-K interval, the sample with
x = 1.15 does not obey the Curie-Weiss law character-
istic of the manganese monosulfide (x = 1.00) in the
paramagnetic region. The magnetization measured at
4.2 K inafield of 100 Oeis 266.7 x 10~ emu/g, which
is an order of magnitude higher than that of samples
with lower manganese contents. The temperature
dependence of the magnetization of the sulfidewith x =
1.25isshowninFig. 2c; it issimilar to that observed in
the x = 1.05 sample.

On comparing our results with the available data on
the conductivity of off-stoichiometric manganese sul-
fides [5], we note that the increase in magnetization
observed to occur in the Mn S system at 300 K is
accompanied by metallization of the samples, with the
electrical resistivity p at 300 K decreasing by two
orders of magnitude as x varies from 1.00 to 1.05. The
temperature dependence of the electrical resistivity of
off-stoichiometric manganese sulfides at 77-300 K
behaves similarly to p(T) for the monosulfide with x =
1.00 and exhibits a sharp break at the points of struc-
tural and antiferromagnetic transitions.
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Thus, we have found that manganese monosulfide
undergoes concentration- and temperature-driven mag-
netic transitions. At room temperature, | attice compres-
sion occurring with increasing manganese concentra-
tion is accompanied by an increase in the magnetiza-
tion by an order of magnitude and a decrease in the
electrical resistivity by two orders of magnitude. A sim-
ilar situation is observed to occur in the cation-substi-
tuted sulfides MeMn, _,S (Me = Cr, Fe) [7]. The simi-
larity between the concentration dependences of the
|attice parameter, magnetization, and electrical resistiv-
ity suggests that ferromagnetism in the Mn,S and
MeMn;, _,Ssulfides may set in by similar mechanisms.

ACKNOWLEDGMENTS

Thiswork was supported by the Russian Foundation
for Basic Research, grant no. 00-02-81059 Bel 2000a.

REFERENCES

1. E. L. Nagaev, Physics of Magnetic Semiconductors
(Nauka, Moscow, 1979).

2. H. H. Heikens, G. A. Wiegers, and C. F. van Bruggen,
Solid State Commun. 24 (3), 205 (1977).

3. E. L. Nagaev, Usp. Fiz. Nauk 166 (8), 833 (1996) [Phys.
Usp. 39, 781 (1996)].

4. G. A. Petrakovskii, L. I. Ryabinkina, G. M. Abramova,
etal., Pis ma Zh. Eksp. Teor. Fiz. 69 (12), 895 (1999)
[JETP Lett. 69, 949 (1999)].

5. G.V. Loseva, L. |. Ryabinkina, L. S. Emel’yanova, and
A. V. Baranov, Fiz. Tverd. Tela (Leningrad) 22 (12),
3698 (1980) [Sov. Phys. Solid State 22, 2165 (1980)].

6. A.V. Malakhovskii, T. P Morozova, V. N. Zabluda, and
L. I. Ryabinkina, Fiz. Tverd. Tela (Leningrad) 32 (4),
1012 (1990) [Sov. Phys. Solid State 32, 596 (1990)].

7. G. A. Petrakovskii, L. I. Ryabinkina, D. A. Velikanov,
etal., Fiz. Tverd. Tela (St. Petersburg) 41 (9), 1660
(1999) [Phys. Solid State 41, 1520 (1999)].

Trandated by G. Skrebtsov



Physics of the Solid State, Vol. 43, No. 3, 2001, pp. 496-500. Translated from Fizika Tverdogo Tela, Vol. 43, No. 3, 2001, pp. 477—481.

Original Russian Text Copyright © 2001 by Guanghua, Levitin, Shegirev, Filippov.

MAGNETISM

AND FERROELECTRICITY

M agnetostriction of SmMn,Ge, and GdM n,Ge,
| nter metallic Compounds

Guo Guanghua, R. Z. Levitin, V. V. Snegirev, and D. V. Filippov

Moscow State University, Vorob' evy gory, Moscow, 119899 Russia
Received August 14, 2000

Abstract—L ongitudinal and transverse magnetostrictions of polycrystalline samples of intermetallic com-
pounds RMn,Ge, (R = Sm or Gd) are measured in pulsed magnetic fields up to 250 kOe. It isfound that linear
magnetostrictive strains of about 10 arise in a temperature range in which the magnetic field causes a change
in the magnetic state of a manganese magnetic subsystem. The results obtained are described within the model
of atwo-sublattice ferrimagnet with a negative exchange interaction in the manganese subsystem in terms of a
strong dependence of this interaction on interatomic distances. © 2001 MAIK “ Nauka/Interperiodica” .

Magnetism of intermetallic compounds RMn,Ge, (R
is arare-earth element or yttrium) is determined by two
magnetic subsystems which are formed by the magnetic
moments of manganese and arare-earth e ement, respec-
tively. These compounds have alayered tetragonal crys-
tal structure of the ThGe,Si, type (space group 14/mmm).
Thefollowing hierarchy of exchangeinteractionsisreal-
ized in these compounds: the Mn—-Mn positive exchange
in a layer is the strongest exchange interaction; the
exchange interactions between the neighboring layers of
manganese, as well as the interactions between the rare-
earth element and manganese, are one order of magni-
tude weaker; and the R—R exchange interaction is two
orders of magnitude weaker (see review [1] and refer-
encestherein). Animportant feature isthat the parameter
of the Mn—Mn interlayer exchange interaction strongly
depends on interatomic distances (primarily, within the
layer) and changes sign from positive to negative as the
unit cell parameter a increases to a critical value a, =
4.045A[1, 2]

A =p(a—ay). 1)

Since the unit cell parameter a at room temperature
exceeds the critica value a. for intermetallic com-
pounds with light rare-earth elements (La, Nd, Pr, or
Sm), the magnetic ordering of the manganese sub-
system in these compounds has aferromagnetic charac-
ter. For SmMn,Ge,, the sign of the Mn—Mn interlayer
exchange interaction changes with a decrease in the
temperature to 150 K. The reason for this is that the
thermal expansion at this temperature results in a
decreasein the unit cell parameter ato the a., value and
the manganese subsystem transforms to the antiferro-
magnetic state [1, 3-5]. In intermetallic compounds
with heavy rare-earth elements (Gd, Th, Dy, Ho, Er, or
Tm), the magnetic ordering of the manganese subsystem
has an antiferromagnetic character, because a < a,. As
the temperature decreases, the transition of a manga
nese subsystem to the ferromagnetic state is observed

in intermetallic compounds with a negative Mn-Mn
interlayer exchange interaction (Sm, Gd, Tb, or Dy).
This trangition is induced by magnetic ordering of the
rare-earth subsystem [1]. For Sm- and Gd-containing
intermetallic compounds, this transition occurs at atem-
perature of about 100 K [4—6]. Note that the magnetic
trangitions associated with the change in the magnetic
state of a manganese subsystem are accompanied by
considerable magnetod astic strains. The thermal expan-
sion measurements reveal ed that the relative variation of
the unit cell parameter ais of the order of 102 [4, 5, 7).
This strain can be explained by the above dependence
of the Mn—Mn interlayer exchange interaction on inter-
atomic distances. According to [8], the exchange mag-
netostriction depends on the 8 angle between the direc-
tions of magnetic moments M of manganese in neigh-
boring planes:

Aal/a =-2pM?acos6/N, 2

where M is the magnetic moment of manganese and N
is the corresponding elastic modulus.

If the Mn—Mn interplanar exchange interaction is
negative, the external magnetic field can also vary the
state of the manganese subsystem. Field-induced mag-
netic phase transitions were observed for SmMn,Ge,
[2, 4] and GAMn,Ge, [9, 10].

The purpose of this work was to investigate the
magnetoelastic strains arising upon field-induced mag-
netic phase transitions in Sm- and Gd-containing inter-
metallic compounds.

Polycrystalline samples of the SmMn,Ge, and
GdMn,Ge, intermetallic compounds were obtained by
melting initial components in an induction furnace
under quasi-levitation conditions in an argon atmo-
sphere. The sampleswere homogenized by annealing at
750°C in a dynamic vacuum for a week. The phase
homogeneity of the samples was checked by an x-ray
diffraction technique.
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Fig. 1. Field dependences of the longitudinal and transverse magnetostrictions of SmMn,Ge, at different temperatures.

The transverse and longitudinal magnetostrictions
of the samples were measured in the temperature range
10-300 K in pulsed magnetic fields up to 250 kOe by
the method of quartz piezoel ectric sensors being glued
onto the sample[11]. In order to determine the temper-
atures of spontaneous magnetic phase transitions, the
magnetic susceptibility was measured in alternating
magnetic fields of an order of several oersteds.

SmMn,Ge,. In the SmMMn,Ge, intermetallic com-
pound, the manganese subsystem is ferromagnetically
ordered at room temperature, whereas the samarium
subsystem is in the paramagnetic state. Upon cooling,
the first-order phase transition of the manganese sub-
system to the antiferromagnetic state is caused by the
change in the sign of the Mn—Mn interlayer exchange
interaction due to therma expansion, whereas the
samarium subsystem remains paramagnetic. As fol-
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lows from the measurements of magnetic susceptibility
and thermal expansion [7], the temperature of thistran-
sition in the sample under study isequal to T, = 150 K.
This value agrees well with the available data [4, 5].
Further cooling is accompanied by areverse first-order
transition of the manganese subsystem to the ferromag-
netic state. This transition is determined by the ferro-
magnetic ordering of the samarium subsystem. The
temperature of the reverse transition which we deter-
mined was T, = 100 K. This value is aso in agreement
with the dataobtained in[4, 5, 7]. Since the rare-earth—
manganese exchange interaction in intermetallic com-
pounds containing light rare-earth elementsis positive,
the magnetic moments of the samarium and manganese
subsystems are paralel to each other.
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Fig. 2. Temperature dependences of (1) thelongitudinal and
(2) transverse saturation magnetostrictions of SmMn,Ge,.
Phase transition temperatures T, and T, are marked by
arrows.

The field dependences of the longitudinal and
transverse magnetostrictions of SmMn,Ge, at differ-
ent temperatures are shown in Fig. 1. It is seen that in
the temperature range T, < T < Ty, in which the man-
ganese system is ordered antiferromagnetically, the
magnetostriction is substantialy larger than that at tem-
peratures outside thisrange. Thisis explained by the fact
that the field in this temperature range, as was demon-
strated in [3, 5], induces the transition of the manganese
subsystem to the ferromagnetic state, and the magneto-
driction is caused by the magnetoelastic strains arising
upon thistransition. Asis seen from Fig. 1, the magneto-
striction associated with the antiferromagnet—ferromag-
net transition in the manganese subsystem is positive and
amost isotropic (A= Ap). The temperature dependences
of the longitudina and transverse saturation magneto-
strictions are shown in Fig. 2. Asfollowsfrom [4, 5, 7],
the spontaneous transition of the manganese subsystem
from the ferromagnetic to the antiferromagnetic state at
temperature T, and the reverse transition to the ferro-
magnetic state at temperature T, are accompanied by a
decrease and increase, respectively, in unit cell parame-
ter a. It isreasonable to suppose that the magnetostrictive
strains, which arise upon field-induced transition of the
manganese subsystem from the antiferromagnetic to the
ferromagnetic state, are also caused by the magnetoelas-
tic strains affecting the a parameter. Since the anisotropy
at these temperatures is relatively small, the transition
from the antiferromagnetic to ferromagnetic state in the
field range investigated occurs at any orientation of the
magnetic field with respect to the crystal axes[3]. Inthis
case, the longitudinal magnetostriction of a polycrystal-
line sample should be equal to the transverse magneto-
gtriction:

A= Ao = 200033, €)
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where Aa is the change in unit cell parameter a upon
spontaneous transition from the antiferromagnetic to
ferromagnetic state. A comparison of the A, and Aj
magnetostrictions with the Aa/a ratio taken *rom [7]
justifies this relationship. A small difference between
longitudinal and transverse magnetostrictions can be
explained by the fact that the polycrystalline sampleis
not absolutely isotropic and has a certain texture. The
influence of the crystal texture on the magnetic proper-
ties of the RMn,Ge, intermetallic compounds was a so
observed in [12].

GdMn,Ge,. The measurements of the thermal
expansion [ 7] and magnetic susceptibility for the sam-
ples under investigation demonstrated that the transi-
tion of the manganese subsystem from the antiferro-
magnetic to ferromagnetic state with a simultaneous
ferromagnetic ordering of the gadolinium subsystem
occurs upon cooling below T, = 97 K. Since the gado-
linium—manganese exchange interaction is negative,
the intermetallic compound isaferrimagnet at T < T,.
For the ferrimagnetic range (below 97 K), as follows
from the data obtained in [9, 10], the magnetic field
normal to the tetragonal axis of the crystal induces the
first-order magnetic phase transition from the ferrimag-
netic to the triangular phase in the magnetic field range
covered. In this case, the magnetic moments of the gad-
olinium and manganese subsystems of the ferrimag-
netic phase are aligned parallel to thetetragonal axis. In
the triangular phase, the magnetic moment of the gad-
olinium subsystem is paralel to the magnetic field,
whereas the magnetic moments of the two neighboring
manganese planes deviate variously from thisdirection
and form a certain angle 6. Above 97 K, if the manga-
nese subsystem is antiferromagnetic and the gadolin-
ium subsystem is paramagnetic, the magnetic field ori-
ented along the tetragonal axis induces the first-order
phase transition of the manganese subsystem to the fer-
romagnetic state [9].

Thefield dependences of the longitudinal and trans-
verse magnetostrictions for one of the GdMn,Ge, sam-
ples investigated are shown in Fig. 3. It is seen that the
magnetostriction has a metamagnetic character both
above and below the T, temperature; namely, the abso-
lute value of magnetostriction increases after a certain
critical field is reached. In this case, the longitudina
and transverse magnetostrictions are negative below
the T, temperature and positive above this temperature.
This character of magnetostriction can be explained
under the assumption that the magnetoelastic strains
observed are caused by the aforementioned field-
induced metamagnetic transitions due to the field-
induced change in the magnetic state of the manganese
subsystem. Different magnetostriction signs above and
below T, = 97 K can be explained by the fact that, at
low temperatures, the field disturbs the ferromagnetic
ordering in the manganese subsystem. Above this tem-
perature, the manganese subsystem in the magnetic
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Fig. 3. Field dependences of the longitudinal and transverse magnetostrictions of GAMn,Ge, at different temperatures.
field transforms to the ferromagnetic state. Identical Ajp Ag x 10°
signs and approximately equal magnitudes of the longi-
tudinal and transverse magnetostriction of GdMn,Ge, 1.OF ‘\ﬂ\.ﬁ}&\m
indicate that the magnetostriction is essentially a bulk - T, aJ 5
guantity. The temperature dependences of the longitu- 05hF o2
dinal and transverse saturation magnetostrictions of |
GdMn,Ge, are depicted in Fig. 4. These magnetostric- o+
tionsagreein order of magnitude with the data obtained 50 100 150 200 250 300
from the therma expansion measurements for i T,K
GdMn,Ge, [7]. -0.5F
However, it should be noted that the field depen- B
dences of the magnetostriction measured for different -1.0F o
1 we failed to measure the saturation magnetostriction in the range
T,=97<T< 240K, because thefield of the metamagnetic transi- Fig. 4. Temperature dependences of (1) the longitudinal and
tion at these temperatures exceeds the field of 250 kOe, which (2) transverse saturation magnetostrictions of GdMn,Ge,.

was achieved in our experiments.
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samples are similar in character but significantly differ
in details, specifically in the degree of smearing of the
metamagnetic transition. Thisisclearly seen from com-
parison of the field dependences for A, and Ap, which
areshownin Fig. 4. In these experiments, the A and A
quantities were measured along the same direction,
whereas the field was oriented parallel and normal to
the direction of the magnetostriction measurements for
the longitudina and transverse magnetostrictions,
respectively. The saturation magnetostrictions are also
somewhat different. Thisis apparently caused, as was
already noted, by the existence of the crystal texturein
the samples. A comparison of the magnetostriction
magnitudes for six different GdMn,Ge, samples
showed that the mean scatter of the absolute magneto-
striction values reaches 30%. For this reason, the values
of magnetostrictions displayed in Figs. 3 and 4 should
be considered only as estimates.

Thus, the measurements demonstrated that a giant
magnetostriction is observed for the SmMn,Ge, and
GdMn,Ge, intermetallic compounds due to achangein
the magnetic ordering of the manganese subsystem in
the magnetic field. The large magnetoel astic effects for
the intermetallic compounds investigated confirm the
conclusion that the Mn—Mn exchange interactions
strongly depend on interatomic distances.
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Abstract—An experimental study is reported on the temperature dependences of the magnetic susceptibility,
electrical resistivity, magnetoresi stance, thermo- and magnetothermopower, and on the Hall effect of the poly-
crystalline lanthanum manganites Lay g7 _ yRSrp33sMNnO3 (x = 0 and 0.07, R = Eu, Gd) within the 77- to 430-K
temperature range. Replacement of a small amount of lanthanum by europium or gadolinium was found to
result in a considerable decrease in the resistivity and in a change in the pattern of its temperature dependence.
The temperature dependence of both the ordinary and anomalous Hall coefficients near the Curie temperature
is shown to be determined by the change in the number of carriersin delocalized states. A method is proposed
for separation of the hole and electronic contributions to thermopower in the ferromagnetic region. The con-
duction mechanisms are discussed in terms of the concept of mobility edge motion. © 2001 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

The large (“giant”) magnetoresistance observed near
the Curie temperature T in La _,D,MnO; lanthanum
manganites (D stands for a divaent metal) accounts for
the interest in these materials. It was assumed for along
time that the magnetic and transport effects in these man-
ganites are determined by Mn** ion content. Recent stud-
ies showed, however, that this is an oversimplification
and that there is a number of other factors which con-
siderably affect the properties of these complex oxides
[1, 2]. For instance, replacement of a part of the lantha-
num by yttrium [3, 4] or aluminum [5] noticeably
reduces the Curie temperature, although these elements
have the same valence. A noticeable changein the Curie
temperature and magnetization was observed when a
small part of the lanthanum in Lay g; _Srp33MNO; and
Lays,Bay3sMNnO; was replaced by other rare-earth ele-
ments [6, 7], and these changes cannot be assigned to
deformation of the unit cell induced by substituting an
ion of asmaller radius for lanthanum.

This paper reports on an integrated study of the
magnetic and transport properties of polycrystalline
Laye7-xS03sMNO; (LaSr subsequently),
L &g 60Gdg 075r0.33MNO; (LaGdSY),
and
L &y goEUg 075r.33MNO; (LAEUSY).
A comparison of the temperature dependences of the
magnetic properties, resistivity, Hall effect, and ther-
mopower of these compounds permits one to draw cer-

tain conclusions on the charge state of the rare-earth ele-
ment, as well as to reveal the changes in the properties

of individual crystallites induced by variation of their
size. Comparative analysis of the experimental data
obtained and of literature information on the resistivity
and thermopower of single crystals of various lantha-
num manganites offers the possibility of separating the
contributions due to electrons and holes to conduction
and thermopower in the ferromagnetic temperature
region. The discussion is based on the semiphenomeno-
logical theory developed in the next section, which per-
mits description of the main properties of the tempera
ture dependences of the conductivity and thermopower.

1. THEORY

There is no universally accepted interpretation of
the anomalies in the transport effects in lanthanum
manganites. The microscopic models discussed in
reviews [1, 2] contain constants which are difficult to
determine; in addition, calculations are usualy pre-
sented for resistivity only, which precludes their appli-
cation to integrated studies. A semiphenomenological
approach with a small set of parameters, which have a
clear physical meaning and alow experimental mea-
surement, currently appears more acceptable. Therela-
tions presented below were obtained by generaizing
the results published in [8, 9].

We use for the calculation of o the expression pro-
posed by Mott:

E

%—g—EcEdE, (1)

E

o =

1063-7834/01/4303-0501$21.00 © 2001 MAIK “Nauka/Interperiodica’
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where F(E) isthe Fermi function and integration is per-
formed between the energies E; and E,, which are the
lower and upper mobility edges, respectively. The ther-
mopower S can be conveniently calculated by the
Mott—Fritzsche relation [10]:

_ k1 E—E.+D(E) oF

Y T OoE

E

edE, )

where kg isthe Boltzmann constant, eisthe modul us of
the electronic charge, and the D(E) function takes into
account the contributions of the spin and lattice degrees
of freedom to the heat flux. One usualy considers the
situation in which the Fermi energy E¢ lies closeto one
of these energies while being distant enough from the
other, so that either the upper or the lower limit in
Egs. (1) and (2) may be set to infinity. As will be seen
later, there are grounds to believe that in lanthanum
manganites, both mobility edges are close to the Fermi
level. Relations applicable to this situation seem to be
lacking in the literature, and, therefore, we present their
brief derivation.

The position of the mobility edgesis determined by
the degree of disorder in the system. At low tempera-
tures, nonmagnetic disorder prevails. The growth of
magnetic fluctuations near the Curie temperature shifts
the mobility edges toward the band center, so that the
region of delocalized states narrows. We shall assume,
in accordance with [8, 9], that the variation of E; and E,
induced by the variation of the magnetic field H and
temperature can be described as

Ei(H,T) = A10"'A11mZv
Ex(H, T) = A20_A21mz-

where m= M/My(0), M(H, T) isthe magnetization, H is
the magnetic field, M(T) isthe spontaneous magneti za-
tion, and A;; are parameters extracted from the experi-
ment. We shall be primarily interested in the case of the
metallic state setting in the ferromagnetic region and of
the insulating state in the paramagnetic region.

The crystal resides in the metalic state if the Fermi
level liesbetween E;and E, and |Ec—E;|, [Er—E,| > T. In
this case, 0 = Og-g, and the conductivity changes
because of the changing carrier mobility. Relation (2)

yields the well-known Mott expression for the ther-
mopower:

©)

ke TCC’ (EF)

Sze3cr

: (4)

where 0'(Er) = (00g/0E)e-g . We here took into

account that in the region of metallic conduction, the
carrier concentration in delocalized states is high and
one should assumethat D =0[9].
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Near the Curie temperature, a metal—insulator tran-
sition occurs, and the Fermi level turns out to be in the
region of localized states. Because Hall measurements
suggest that holes are the majority carriers in the mate-
rials of interest to us here, we shall assume the transi-
tion to be due to the crossing of Ex and E,, in which
case, in the insulating phase, we have Er > E, > E,.
Assuming that og = g,, (O, is the minimum metallic
conductivity) for E; < E < E,, we obtain from Eq. (1)

0 = onf(y2) — (Y1), ®)

where 'y, , = (Er — E; »)/T and f(y) = (¢¥ + 1)™~. To
derive an expression for the thermopower, we estimate
the integral containing the D(E) function by means of
the first theorem of the mean, and, as a result, a term

proportional to D/T will appear in the expression for

the thermopower. Assuming, asbefore, that o = 0, we
cometo

Ke
S= 3 (6)

@f(yz)+ln<1+ey2) y:f(y)-In(i+e™ oo
fy) - (v :

Asisevident from Egs. (5) and (6), the closeness of the
lower mability edge brings about a decreasein the con-
ductivity and thermopower These changes are not sig-
nificant if y; > |y,| and y; > 1. In this case, the terms
containing y; may be disregarded, which yields the fol-
lowing simple expressions in the immediate vicinity of
the metal—insulator transition [9]:

p= pm%xr)%ﬁ% 15 )
_ke(E®, .0y
S= 2t €S)

Here, p,,= O ; the resistivity activation energy isEP =
— ES m?, where Ef = Er—Ay and Ef = A,,; and the

thermopower activation energy is ES= EP — D. The
thermaopower istypicaly about 100 uV/K. Using Egs. (7)
and (8), we have succeeded in satisfactorily describing
theresistivity peak and the thermopower near T in the
LaygBay,MnO; single crystal in which no metal—insu-
lator transition takes place, but in the ferromagnetic
region, the Fermi level does not lie far from the mobil-
ity edge[9].

In addition, relation (7) turned out to be valid for the
p(T, H) relation in the L&y 5Sr; sMnO, antiferromagnet

[11], although, in the latter case, E; may have a differ-
ent meaning. The quantity Ef decreases with increas-
ing doping, and EY isof the order of 103K in all cases,
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which apparently reflects a similarity in structure of the
wave functionsin all manganites.

L anthanum manganites with Mn** concentrationsin
excess of 0.5 are insulators at any temperature. Obvi-
ously enough, at a dightly lower Mn* concentration,
the E, — E, difference should become small compared
to T, at least in the paramagnetic state. In this case, the
temperature dependences of the resistivity and ther-
mopower will differ qualitatively in behavior from
Egs. (7) and (8). To verify this, we write the expressions
following from Egs. (5) and (6) for thecase E, —E; < T,
|Er—Ei o <T:

_ 4T
_ kBE_EF
T e T (10)

where E = (E; + E,)/2. We readily see that the linear
growth of resistivity with temperature in the paramag-
netic state, where E; , = const, is not sufficient proof of
a “true” metalic state and is fully consistent with the
temperature dependence of an activation-type ther-
mopower. The temperature dependences of the resistiv-
ity and thermopower of an La, Sr, ,MNnO; single crys-
tal [12] suggest that it isthis situation that occursin this
single crystal.

The concept of the o function undergoing ajump at
the mobility edge is afairly rough approximation. The
og function is actually a continuous function, such that
inthevicinity of the mobility edge (for definiteness, the
upper one), one can set [13] o = C(E, - E), C>0for
E < E,. The temperature dependences of the conductiv-
ity and thermopower for y; > 1 turn out to follow the
same pattern as suggested by Egs. (4), (7), and (8);
however, because o = —C for the region of metallic
conduction with E, > E; > E;, one obtains from Eq. (4)

S = &f T
e 3E,-F,

(11)

Note that lanthanum manganites with Mn** contents
of the order of 25-30% have carriers of different types.
No separation of the corresponding contributions to the
transport coefficients has thus far apparently been car-
ried out, although in some favorable cases this is pos-
sible. We shall present below an example of such
analysis.

2. EXPERIMENTAL RESULTS
AND DISCUSSION

The powders of nominal  composition
Lag 67503sMNO; and L gy goRy0703sMNO; (R = Eu, Gd)
were prepared by coprecipitation from a solution. The
precursors thus prepared were pressed at room temper-
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Curie temperature and coefficients a,, a;, and a, in Eq. (14)
for Lag 67 - xRSr0.33MNO3 and Ly 75510, 2sMNO3

Sample | Te, K| | Wi | 102 k2| 104 pvi
LaSr 369 —7.2 6.7 -1.9
LaSrEu 328 -3.9 74 2.5
LaSrGd 349 -4.0 6.7 2.1
Single crystal 342 -3.0 9.1 -2.6
Lag 755r0.25MNO3
(from[12])

ature and annealed afterwards in an oxygen flow at
1200°C for 12 h. The techniques used to measure the
magnetic properties, resistivity, thermopower, and the
Hall effect were described in our previous publications
[9, 14, 15].

The magnetization curves follow a behavior typical
of ferromagnets. The values of the Curie temperature
T determined by the method of thermodynamic coef-
ficients are listed in the table. Doping with Eu or Gd
resultsin adecreasein Te. For T < T and in magnetic
fields H = 6 kOe, the magnetization M is described by
therelation M = M + XH.

Figure 1 presents plots of the temperature depen-
dence of susceptibility x(T). LaGdSr exhibits a growth
of x with decreasing T in the ferromagnetic region; for
LaEuSr, thisgrowth isless pronounced; and for LaSr, it
does not occur at all. Theincrease in X with decreasing
temperature can be assigned to the presence of para-
magnetic ions. In LaGdSr, such ions are obviously the

12
A LaSr
e LaEuSr A
- o LaGdSr X
©
O 8
'ep
=
g
o
L
= 4
%
>
0

400

Fig. 1. Temperature dependence of the susceptibility of

the paraprocess in  Lagg7Stg3sMnOs  (LaSr),
LaOIGOEU0‘07Sro_33M nO3 (LaEUSr), and
L &g 60Gdg.075r0.33MNO3 (LaGdSr).
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The temperature dependence of resistivity p is
shown graphically in Fig. 2. The p(T) curve for LaSr
exhibits two weakly pronounced maxima, one of them

201 lying near the Curie point, and the other, in the ferro-
magnetic region at T = 280 K. Doping with europium

£ f‘;“x : Eg]SE{ISr or gadolinium brings about a considerable decrease in
o o LaGdSr the resistivity, particularly in the ferromagnetic region,
% 4 with the p(T) curves having only one maximum |located
g l0F slightly above Te. It is known [1] that such differences

1 1 1
200 300 400
T,K

Fig. 2. Temperature dependence of the electrical resistivity
of LaSr, LaEuSr, and LaGdSr.

Gd* ionsin the s state (spin S= 7/2). Because the mag-
netic moment of the Eu®* ion in the ground stateis zero,
the presence of paramagnetic ions in LaEuSr implies
that these are Eu?*. This provides support for the con-
jecture [6, 7, 15] that europium residesin LaEuSr in a
mixed valence state.

The Curie temperature of polycrystalline LaEuSr is
lower than that of LaGdSr, which may be associated
with the additional disorder induced by the presence of
Eu?* ions with a comparatively large ionic radius. The
difference between the T valuesin our samples turned
out to be considerably larger than that quoted in [6, 7].
This suggests a high sensitivity of the Curie tempera-
ture to defects whose presenceislikely to be the reason
for the existence of Eu?* ions.

in temperature behavior and in the value of resistivity
of the manganites are due to the contribution of grain
boundaries to the sample resistivity increasing with
decreasing crystallite size; therefore, one may assume
that the crystallitesin LaEuSr and LaGdSr samples are
considerably larger than those in LaSr.

It would be difficult to make ajudgment on the con-
duction mechanisms from the shape of the p(T) curve,
because even the presence of aregion with dp/dT > 0is
not proof of transition to the metallic state [9]. Valuable
information can be obtained from analysis of the tem-
perature dependence of the ordinary Hall coefficient R,,
which is shown graphicaly in Fig. 3. In contrast to the
p(T) curves, the temperature dependences Ry(T) follow
the same pattern in all samples. In the ferromagnetic
region for T < 200 K, the values of R, are positive and
liewithin theinterval (4-6) x 102 Q cm/G. Hence, the
majority carriers are holes in the metalic state. A
straightforward cal culation of their concentration using
the expression R, = (ecn,,)? yields n,, of the order of
0.8 hole/Mn. The noticeable difference in the calcu-
lated value of n,, from the one which can be expected
from the doping level is evidence of the existence of an
electronic contribution to Ry, analysis of the ther-
mopower data leads one to the same conclusion (see
below). The Ry(T) curve for LaSr does not exhibit any
features at T = 280 K, and, therefore, the maximum in

150
10
-4 LaSr
in —e— LaEuSr
@] LaGdS
7100 £ | T
© a SF A
- § ] Tt 2a
Q 'TO A A l'
c 2 » ’,
a & 9
‘ L 0 | | |
% 50 100 200 300 II
o
84
0 i
1 1 1 1
100 200 300 400
T, K

Fig. 3. Temperature dependence of the ordinary Hall coefficient of LaSr, LaEuSr, and LaGdSr.
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Fig. 4. Temperature dependence of the anomalous Hall coefficient of LaSr, LaEuSr, and LaGdSr.

p(T) observed at thistemperature cannot originate from
intragrain processes. At temperatures of the order of
100 K and lower, the value of R, for the LaEuSr sample
is dlightly smaller than that for LaSr and LaGdSr,
whichisnot in conflict with the conjecture on the pres-
ence of Eu?* ions playing the part of additional accep-
tors.

As one approaches the Curie point, Ry and theresis-
tivity of the LaEuSr and LaGdSr samples exhibit a
rapid growth. It was shown [15] that in LaEuSr, this
growth is connected with the motion of the mobility
edge and is due to the transition to the insulating state
at Ty, = 300 K, with the temperature dependence p(T)
in the region of the peak being described by relation (7)

with Ef =530K and Ef = 2000 K. We did not succeed

in determining Ej and Ef for the LaGdSr and LaSr
samples because of the higher values of T for these
samples. However, because the Ry(T) curvesin all three
samples are similar, one may assume that T, in
LaGdSr and LaSr also lies below the Curie temperature
by approximately 30 K.

The temperature dependences of the anomalous
(spontaneous) Hall coefficient R, follow the same pat-
tern (Fig. 4). For T < 300 K, the dependence of R, on
magneti zation can befitted well for all three samplesby
asecond-order polynomial R, = (6.9 + 16.8x — 10.2¢?%) x
10° Q cm/G, where x = [M(T)/M40)]?. In the vicinity
of T, the anomalous Hall coefficient in LaEuSr and
LaGdSr is proportional to the ordinary Hall coefficient
(seeinset to Fig. 4), whence it follows that the temper-
ature behavior of R in this region is governed by the
variation of the carrier concentration in delocalized
states, i.e., by the motion of the mobility edge.

The temperature dependences of thermopower pre-
sented in Fig. 5 have the form typical of lanthanum

PHYSICS OF THE SOLID STATE Vol. 43 No. 3
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manganites with a high Mn* concentration. The YT)
curves for LaEuSr and LaGdSr are similar in behavior
while differing noticeably from that for LaSr, which is
shifted toward negative values of S. The peak near T,
which is characteristic of manganites with a compara-
tively low content of divalent ions, is absent here; the
modulus of the derivative |[dSdT| reaches a maximum
near the Curie temperature.

The measurements of thermopower and of the Hall
effect show the lanthanum manganites to have carriers of
both the hole and electron types. The hole contribution S,
to the thermopower in the ferromagnetic region far from
Tc issmall and proportional to temperature, because the
holes are in a metallic state. Analysis of the data
obtained on single-crystal samples of La, _,Sr,MnO;
[12] with x = 0.18, 0.25, and 0.4 suggests that the elec-
trons in these materials have a small activation energy,
substantially less than 100 K. Limiting ourselves to the
region of T = 100 K, we may neglect the dependence of
the eectronic conductivity o, and electronic ther-
mopower S, on temperature. Because the electrons are
nonmetallic here, the inequality |S,| > S, should hold.
The resistivity of such single crystalsfor T< 200K is
well approximated by the relation [16]

p(T) = p(0) + ATZ (12)
Hence, there are grounds to assume that for 100 < T <

200 K, the thermopower of the manganites of such
compositions can be described by the expression

S=§ - ISlop. (13)

In other words, the S(T) curve should be approximated
by a second-order polynomial:
S=ay+a,T+a,T? (14)

where a; = -S.|0.p(0), the relation for a, follows from
Eg. (4), and a, = -S.|o.A. Obvioudy enough, a,/a; =
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Fig. 5. Temperature dependence of the thermopower of LaSr, LaEuSr, and LaGdSr.

A/p(0). As shown by our analysis [12] of the temperature
dependence of the thermopower of Lgy755rp,5sMN0O;, the
ST) curvefor thissingle crystal isfitted well by therela-
tion of the type C,T — C,p, with C; and C, being fitting
parameters, which is evidence of the validity of the pro-
posed interpretation of the g coefficients. Because the
strontium content inthe above singlecrystal isclosetothat
inour samples, wetreated the JT) curves obtained on our
polycrystals and on the Lay755r52sMNO; single crystal
using Eq. (14). The values of g thus obtained are
listed in the table. In all our polycrystalline samples,
a, = 0.07 uV/K?2, which attests to their hole concentra-
tions being equal. The value of a; for L&y 755y 25MNO5
is dightly higher, which is in accord with the lower
strontium content. Substituting E, — Er = E; — Ef =
1500 K into Eq. (11) yields a, = 0.19. Because the cal-
culated value is nearly threefold the experimental fig-

ure, the mobility edge apparently lies beyond the region
where o can be considered alinear function of energy.

The values of p(0) and A for La, _,Sr,MnO5 with
x> 0.2 aretypically 0.1 mQ cmand 10° mQ cm/K?[16],
which approximately yields 10# K2 for the A/p(0)
ratio. In our polycrystas, the ratio a/a, is of the same
order of magnitude: 0.6 x 10 for LaEuSr, 0.5 x 10 for
LaGdSr, and 0.3 x 10 K2 for LaSr, which supports
the proposed explanation of the temperature depen-
dence of the thermopower. At the same time, it should
be pointed out that the magnitude of the coefficient a,
for the LaSr sampleis nearly twofold that for the other
samples, while the coefficients a, and a, differ substan-
tially less. It can be conjectured that theintragrainresis-
tivity in the LaSr sample is about twice that for the
other two polycrystals because of increasing imperfec-
tion of the material with decreasing crystallite size.

PHYSICS OF THE SOLID STATE \Vol. 43

Recalling that the thermopower due to nonmetallic
electrons should be of the order of 100 puV/K and set-
ting |ag| =4 pV/K, we obtain o,p(0) = 0.04. Asthetem-
perature increases, the contribution of electronsto con-
ductivity also increases, however, in the region of
metallic conduction, the /o ratio remains less than
10%. Thisconclusionisin agreement with the Hall data
and band-structure calculations [17]. Thus, the signifi-
cant part played by electronsin the thermopower in the
ferromagnetic region is associated not with their large
concentration but rather with the small thermopower of
the holesin the metallic state.

Near T, the ordinary Hall coefficient and the ther-
mopower have opposite signs. As shown above, the
main contribution to the conductivity is dueto the holes
activated to the mobility edge. The negative sign of the
thermopower indicates, however, that their contribution
to Sis substantially smaller than 100 pV/K; hence, it
does not follow relation (8). The theoretical consider-
ations presented in the preceding section suggest that
the decrease in S, may be caused by the lower mobility
edge approaching the Fermi level at the transition to the
paramagnetic phase. In these conditions, the hole con-
ductivity does not decrease as strongly as the ther-
mopower and, therefore, the holes continue to be
majority carriers.

Thus, we have shown that codoping L&, 5,55 :3MNO;
with a small amount of Eu or Gd can increase the size
of the crystallites and reduce their imperfection without
increasing the anneal temperature. Europium residesin
L&y g0EUg 075r03sMNO;5 in a mixed valence state.

Inthevicinity of T, the temperature behavior of the
ordinary and anomalous Hall coefficients is governed
by the variation of the carrier concentration in delocal-
ized states.

In the ferromagnetic region, the concentration of
electrons is less by an order of magnitude than that of
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holes, but the ratio of the hole to el ectron contributions
to the transport coefficients changes as one approaches
the Curie temperature. Near T, the hole thermopower
decreases considerably, which may be associated with
the region of existence of delocalized hole states being
narrow.
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Abstract—Crystals of PbSc, sNby 505 areinvestigated by x-ray diffraction and optical spectroscopy. Itisfound
that the phase transformations in PbScy sNby 505 are governed by two mechanisms: displacive ferroelectric
phase transitions and consistent rotations of oxygen octahedra. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The considerable interest expressed by researchers
in the structural and physical properties of lead scan-
doniobate PbSc,sNbysO; (PSN) [1-7] is associated
with the general problem concerning the microscopic
interpretation of the specific features of the ferroelec-
tric state in oxygen-containing perovskites with the
composition Pb(B;_, B, )05 (x = 1/2 and 1/3). Until
presently, the particular type of structural ordering in
relaxor ferroelectrics has not been established conclu-
sively [8-10]. It has remained unclear whether thereis
an ordering (disordering) of different-type atoms (B'
and B") in the same sublattice of the structure that is
controlled by the high-temperature annealing. By now,
the experiments have provided alarge body of informa-
tion on this group of perovskites, including ferroelec-
tric PbSc, sNb, s05. Considerable difficultiesin solving
structures of ferroelectric phases of these compounds
are associated with the problems regarding the correct
determination of the structure parameters of the rea
crystals under investigation [5, 10].

Earlier, it was revealed that PbSc,sNby 505 crystals
either can undergo a normal phase transition (without
indications of relaxation) from the ferroelectric to
paraelectric phase [3] or can exhibit pronounced prop-
erties of relaxor ferroelectrics [2, 6]. The phase transi-
tion temperature of PbSc,sNb,;0; and its physical
properties depend on the thermal prehistory of the crys-
tal. It was reliably established that the heating of the
PbSc,sNbys0; compound from room temperature to
the phase transition point leads to a decrease in the unit
cell volume [3, 6, 11]. Moreover, it was shown that
PbSc, sNby 505 undergoes an usual thermal expansion
in the temperature range from 10 to 300 K [11]. The
atomic structure of PbScysNb, 505 was determined at
different temperatures [11, 12]. Although Malibert
et al. [11] analyzed the PbSc, sNb, 505 structure by dif-
ferent methods (neutron diffraction and x-ray diffrac-
tion analyses, including techniques with the use of syn-
chrotron radiation), they reported only the neutron dif-

fraction data at 10 and 523 K. For the ferroelectric
phase of PbSc,sNb,s0; at 10 K, it was found that the
Sc/Nb atoms are displaced from the center of a perovs-
kite cell along the [111] direction by 0.235 A, whereas
the oxygen atoms at the same valuesdx = dy = 0.051 are
displaced by &z = 0.039. For the paraglectric phase of
PbSc,sNby 505 at 523 K, the Debye-Waller factors are
as follows: B(Pb) = 4.33 A2 B(Sc/Nb) = 0.84 A2
B.1(0) = B,,(0) = 0.043 A2 and Bg(0) = 0.014 A2
According to [12], the Debye-Waller factors for the
paraelectric phase of PbSc,sNb,sO; at 400 K are
B(Pb) = 4.15 A2, B(Sc/Nb) = 0.95 A2, B,,(0) =0.90 A,
and B,,(0) = B3;(0) = 2.66 A2; and the Sc/Nb atomsin
the ferroelectric phase at 200 K, as in [11], are dis-
placed along the [111] direction by 0.242 A. In this
case, the oxygen atoms are displaced aong the [010] and
[001] directions by 0.189 A and aong the [100] direction
by 0.123 A.

It should be noted that a series of extremely weak
superstructure reflections was revealed by Caranoni
et al. [1]. According to [1], these reflections are associ-
ated with the possible short-range order in the arrange-
ment of Sc and Nb atoms only in the xy planes.

In the present work, we investigated the structure of
PbSc, sNby 505 crystals, their optical absorption spectra
in the visible and IR ranges, and the electrical conduc-
tivity in order to elucidate the specific features of the
phase states and to reveal the correlation between the
possible structural models of these states and their
physical properties.

2. EXPERIMENTAL TECHNIQUE

2.1. Crystal growth. Crystals of PbSc,sNbysO;
were grown from a solution which was preliminarily
synthesized by the solid-phase reaction of the
PbSc,sNbysO; compound with a PbO melt. Two
branches of the crystallization indicated its eutectic
character. The eutectics corresponded to the 0.9PbO—
0.1PSN composition at 860°C. The high volatility of
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PbO and a low quality of the PbScysNbys0; crystals
obtained under these conditions necessitate the use of a
PbO-B,0; mixture as a solvent. The best crystals of
PbScysNbys0; were obtained using the 0.78PbO—
0.17B,04-0.05PSN composition. Homogenizing of the
resultant solution at a temperature of 1100°C for 4 h
and itscooling to 950°C at arate of 5 K/h brought about
the formation of high-quality PbSc,sNbys0; crystalsin
the form of plates 0.3 x 0.3 cm in size and cubes with
edges aslarge as 0.4 cm.

2.2. Optical and electrical investigations. Crystals
of PbScysNbys0; were examined with a polarizing
microscope for the purpose of revealing the morphol-
ogy of their block or domain structures. The optical
absorption spectrain IR (3500-14500 cm™) and vis-
ible (400—-750 nm) ranges and their temperature evolu-
tion were investigated on IKS-14A and SF-14 spectro-
photometers. The electrical  conductivity  of
PbScysNbysO; crystals was studied using a V-483
nanovoltmeter.

2.3. X-ray structure investigations. The crysta
structure of the PbSc, sNb, 05 compound was investi-
gated by the Laue and rotating crystal methods with an
HZG-4B diffractometer (CuK, radiation) and an
Enraf—Nonius diffractometer CAD-4 (MoK, radiation),
respectively. The structure amplitudes of 246 reflections
were obtained on the Enraf—Nonius diffractometer
CAD-4 for a PhSc,sNb, 505 crystal of spherical form
(the data were corrected for the Lorentz and polariza-
tion factors and absorption).

No extinction correctionswere applied. Thetemper-
ature investigations of a PbSc,sNbys05; powder were
performed on a DRON-3.0 diffractometer in a special
chamber which ensured the temperature stability in the
range from 20 to 200°C with an accuracy of no worse
than 1 K.

3. RESULTS

3.1. Thedomain structure of PbSc,sNby 505 crystals
at room temperature in the ferroelectric rhombohedral
phase is rather complex and depends on the growth
conditions and crystal sizes. Thin lamellar crystals
0.01 x 0.01 cm in size have sufficiently clear domain
boundaries which can easily be observed with a polar-
izing microscope. It is revealed that, upon etching of
large-sized crystals of PbSc,sNb, ;05 (the thickness h
isof the order of 1 mm), the domain structure has a dif-
ferent configuration (Fig. 1). This can be explained by
the presence of growth defects and residual mechanical
strains arising upon cooling the crystals and during the
ferroelectric phase transition [13].

Figure 2 shows the temperature evolution of the
absorption spectra of PbSc,Nb,;0; lamellar crystals
for which the [100] direction is perpendicular to the
crystal surface. In the visible range, the spectra contain
two absorption bands | and |1 with maxima at 405 and
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Fig. 1. Fragments of the domain structure at different thick-
nesses of a PbScq sNbg 505 single crystal.
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Fig. 2. (a) Temperature dependences of (1) the energy loca-
tion of absorption edge E; at Ink = 5.1 and (2) the parame-

ter o for a PbScy sNbg 505 single crystal 0.051 cm thick.
Circles and crosses correspond to heating and cooling,
respectively. (b) Temperature dependences of the integrated
intensity of the absorption band at A5 = 685 nm for a
PbScq sNbg 503 single crystal.
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Fig. 3. Temperature dependences of (1) theintegrated inten-
sity 1, of the absorption band at Wy, = 8600 cm™* and

(2) theelectrical conductivity X for aPbScy sNbg 503 single
crystal.

685 nm, respectively. Upon heating of the crystal, the
absorption edge (band |) near 70°C shifts toward the
short-wavelength range, and above 100°C, it is dis-
placed toward the long-wavelength range and follows
the Urbach rule. The parameter o = (AInk/Ahw)KT,
which characterizes the slope of the linear dependence
of the logarithm of the absorption coefficient k on the
incident photon energy, has resonance minima at tem-
peratures of 70, 90, and 120°C upon heating of the
PbSc, sNb, 505 crystal and minima at 130 and 100°C
upon itscooling (Fig. 2a). The temperature dependence

of the energy location of the absorption edge E'g (ata

constant absorption coefficient) exhibits the following
features. upon heating of the crystal, Eg jumpwise
increases by 0.047 eV near 70°C (at Ink = 5.1),
decreases by 0.029 eV near 90°C, and decreases by
0.046 eV near 140°C. The electron—phonon coupling
constant g isequal to 3.56 at temperatures below 70°C,
4.36 in the range 70-120°C, and 2.59 above 120°C
[14, 15]. The effective phonon energy hwy is equal to
542 cm™ below 70°C, 526 cm™* above 70°C, and
607 cm* above 120°C [14, 15]. The absorption band |1
(Amax = 685 nm) is bell-shaped and has a half-width of
0.31eV at 140°C. This band can be associated with
F-centers in the PbSc,sNby ;05 crystal [16, 17]. Upon
heating of the PbSc,sNb,sO; crystal, the absorption
band Il exhibits weak maxima at temperatures of 70
and 100°C and adrastic increasein theintegrated inten-
sity I, above 140°C (Fig. 2b). Upon cooling of the crys-
tal, the temperature dependence of the integrated inten-
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sity 1, has small maximaat 140, 120, and 90°C. Below
80°C, theintensity of band Il increases with a decrease
in the temperature.

In the IR range, the spectrum of the PbSc,sNb, 50,4
crystal exhibits a bell-shaped absorption band with the
center at 8600 cm™ and a haf-width of 1.05 eV at
120°C. Upon hesating of the crystal, the integrated
intensity 1., increases with small anomalies at tempera-
tures of 70 and 110°C and a noticeable maximum at
150°C. Upon cooling, I, has a more pronounced maxi-
mum at the same temperatures (Fig. 3). The tempera
ture dependence of the electrical conductivity of the
PbSc,sNby 505 crystal (curve 2), its features observed
at 70 and 100°C, and a sharp increase in the electrical
conductivity at temperatures above 150°C alow us to
assign the IR absorption band (w,, = 8600 cm™) to a
polaron of small radius with the activation energy E, =
0.27 eV [16].

3.2. At the first stage of x-ray structure analysis of
PbSc, sNby 505 crystals with the use of the Laue x-ray
patterns and rotating-crystal x-ray photographs, we
chose the crystal without indications of twining. In a
series of rotating-crystal x-ray photographs obtained at
large exposures, we observed weak diffuse superstruc-
ture reflections that corresponded to twice the perovs-
kite cell periods. The x-ray diffraction patterns were
recorded upon rocking of the crystal about the [111]
direction in a perovskite setting. In addition to the
above reflections, the x-ray diffraction photographs
contained superstructure reflections that corresponded
to amore than twofold multiplication of the perovskite
cell periods. The diffuse character of the superstructure
reflections and their extremely low intensity suggest a
limited size of the ordering regions of either the Sc and
Nb atoms or antiparallel atomic displacements. These
data correlate with the results obtained in [1]. The x-ray
diffraction patterns obtained with a Guinier camera
also show weak superstructure reflections that corre-
spond to an eightfold multiplication of the perovskite
cell parameters for PbSc, sNb, ;05 crystals. A detailed
analysis of the superstructure of PbSc,sNb,s0; crys-
talswill be described in a separate paper.

The structure of the PbSc, sNb, :O5 crystal wasrefined
in the hexagona setting of a perovskite-type structure
with A, = 5.768(2) A and C, = 7.062(3) A, which
corresponds to the rhombohedral perovskite cell with
the parameters a; = 4.079(2) A and o = 89.88(3)°. In
the approximation of the complete disordering of Sc
and Nb atomsin the lattice, the atomic parameterswere
determined by the local search method with minimiza-
tion of the appropriate functional. The refinement led to
the structural model for PbSc,sNby 505 with the dis-
crepancy factor R = 0.045. The least R value was
obtained using the Debye-Waller factors. The refine-
ment of the atomic displacements for oxygen dx, by
using the hkiO-type reflections reduced the discrepancy
factor to R=0.012 at dx, = 0.033. The final refinement
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Tablel. Coordinatesof oxygen atomsinahexagonal setting
of the unit cell of PbScy gNbg 504

Atom XH YH Zy

O 1/6 + dxg 5/6 — dxg 2/3 + 0z,
(N 1/6 + 0xg 1/3 + 28, 2/3 + &z,
Onl 2/3 — 20xq 5/6 — dxg 2/3 + 0z,
Oy 12+ 8xg 12 -8x, 0+ dz,
Oy 12 + 8% 0+ 25% 0+ dz,
Oy —20Xg 1/2 - &%, 07,

Ouii 5/6 + dxg 1/6 — &%, 1/3 + 0z,
Ovini 5/6 + &% 2/3 + 25%, 1/3 + 8z,
Oix 4/3 — 20x, 1/6 — &%, 13+ dz,

of the atomic structure in the PbSc,sNb,s0; crysta
revealed that, at room temperature, the Sc/Nb atoms
are displaced from the center of the perovskite cell
along the [111] direction by the distance &z,(Sc/Nb) =
0.017(2) (0.12 A) a B,o(Sc/Nb) = 2.3(2) A2 The oxygen
atoms are displaced by the distance 8z,(O) = 0.035(2)
along the[111] direction and |dy,(O)| = 0.017(2) in per-
pendicular directions of the [110] type; in this case,
B.o(Sc/Nb) = 2.6(1) A2 Note that the displacements
obtained for the Sc (Nb) and O atomsin [11, 12] exceed
those determined at room temperature in the present
work by afactor of 2 and 1.5, respectively. In theferro-
electric phase at room temperature, the “mean” Sc/Nb
atoms in the found structural model are uniquely dis-
placed along the [111] direction in a perovskite cell
(along the [001] direction in a hexagonal setting) and
specify the direction of spontaneous polarization. In

Table 2. Structure of PbScysNby 505
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addition to the displacements along the [111] direction
0z,(0), the oxygen atoms undergo additional displace-
ments along the x,; and y,; axes (in a hexagonal setting)
according to the space group R3m (Table 1).

Table 2 presents the results of structural investiga-
tions of the PbSc, sNb, 05 single crystal and the struc-
ture parameters determined by x-ray powder diffraction
[18] at different temperatures.

4. DISCUSSION

Since the PbSc, sNb, 505 structure was refined with-
out regard for the structure amplitudes because of their
smallness, we did not considere the effects of super-
structural ordering of either the Sc and Nb atoms or
antiparallel atomic displacements. However, it should
be noted that the oxygen atoms undergo small displace-
ments along the x,; and y,, axes. On the one hand, these
displacements can be interpreted as the result of distor-
tions of oxygen octahedra (with respect to their sizesin
an ideal cubic phase) with the formation of oxygen tri-
anglesin the closest cubic packing planes. These trian-
gles are perpendicular to the threefold polar axis of the
ferroelectric rhombohedral phase and can be separated
into two types, namely, oxygen triangles with short-
ened oxygen—oxygen distances and oxygen triangles
with lengthened oxygen—oxygen distances. On the
other hand, the observed displacements of oxygen
atoms can correspond to rotations of oxygen octahedra
that are associated with the R,5 or M; modes [19]. An
important point is that the consistent rotations of oxy-
gen octahedra are accompanied by the following
effects: first, a decrease in the lattice parameter and,
second, the formation of the superstructure due to anti-

Parameter R3m rhombohedral phase Pm3m cubic phase
T, K 293* 303 343 358 393 473
Ay A 5.768(2) 5.7680(2) 5.7691(2) 5.7695(2) 5.7727(2) 5.7738(2)
Cy, A 7.082(3) 7.0844(4) 7.0802(4) 7.0772(5) 7.0701(3) 7.0714(3)
ag, A 4.082(2) 4.0824(1) 4.0821(1) 4.0817(1) 4.0819(1) 4.0827(1)
OR, deg 89.88(3) 89.89(3) 89.92(3) 89.94(3) 90.00 90.00
0z,(Sc/Nb) 0.017(2) 0.017(2) 0.013(2) 0.002(2) 0 0
0z4(0) 0.035(3) 0.032(3) 0.034(2) 0.037(2) 0 0
oxy(0) 0.017(2) 0.016(2) 0.017(2) 0.019(2) 0 0
B(Pb), A? 1.8(1) 0.79(10) 0.80(10) 2.01(13) 2.82(14) 3.07(16)
B(Sc/Nb), A2 2.3(1) 0.79(10) 0.80(10) 2.01(13) 2.82(14) 3.07(16)
B(0), A2 2.6(2) 0.79(10) 0.80(10) 2.01(13) 2.82(14) 3.07(16)
Number of reflections N 170 19 19 19 9 9
Number of refined parameters n 6 4 4 4 1 1
R 0.045 0.059 0.058 0.055 0.057 0.064

* Datafor the PbScy sNbg 503 single crystal.
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parallel displacements of oxygen atoms. From this
viewpoint, the decrease in the perovskite cell parameter
with an increase in the temperature, the constancy of
the dx,, values for oxygen atoms below the phase tran-
sition point, and the superstructure observed in x-ray
diffraction and electron diffraction experiments alow
us to assume that, in PbScysNbysO; crystals, an
increase in temperature up to the phase transition point
is accompanied by a gradual stabilization in the phase
of the R3c symmetry with the superstructure unit cell.
Such a structural model of the phase states of certain
ferroelectric perovskites (characterized by the smeared
phase transition, strong effect of the measuring field
frequency on the temperature of the permittivity maxi-
mum, violation of the classical Curie-Weiss law in
paraelectric phases, €tc.) is in reasonable agreement
with the features of the second-order phase transition
described above.

In conclusion, it should be noted that the observed
atomic displacements along the z, (Sc/Nb and O) axis
correspond to the spontaneous polarization P. The dis-
placements of oxygen atoms dx,, and dy,, are unrelated
to the polarization. They are aligned antiparallel, mutu-
ally compensated in the unit cell, and hence, cannot be
transformed as components of the polarization vector.
It is believed that, in real PbSc,sNb, 505 crystals, the
physical properties are associated with the order
parameters of different nature. Two mechanisms of
phase transformations in PbSc, sNb, 505 crystals—dis-
placive ferroelectric phase transitions with the emer-
gence of spontaneous polarization with a decrease in
temperature of the paraelectric phase and rotational
vibrations of oxygen atoms (rotations of oxygen octa-
hedra about the [100] directions as undistorted struc-
tural units)—are responsible for the observed features
in the physical properties of real PbSc,sNbys0; crys
tals. This provides the explanation for the fact that the
properties of PbSc,sNby 505 crystals are highly sensi-
tive to the types and the concentration of different
defects, which are determined by the prehistory of the
crystals, including the conditions of high-temperature
annealing.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

PHYSICS OF THE SOLID STATE \Vol. 43

ABDULVAKHIDOV et al.

REFERENCES

C. Caranoni, P. Lampin, I. Siny, et al., Phys. Status Solidi
A 130, 25 (1992).

K. Bormans, M. Dambekalne, and E. Gerdes, Ferroelec-
trics 131, 201 (1992).

M. F Kupriyanov, A. V. Turik, S. M. Zaitsev, and
E. G. Fesenko, Phase Transit. 4, 65 (1983).

M. Kupriyanov and V. Kogan, Ferroelectrics 124, 213
(1991).

K. G. Abdulvakhidov and M. F. Kupriyanov, Kristal-
lografiya41 (6), 1066 (1996) [Crystallogr. Rep. 41, 1013
(1996)].

F. Chu, J. M. Reaney, and N. Setter, J. Appl. Phys. 77 (4),
1671 (1995).

N. Takesue, Y. Fuji, M. Jchihara, and H. Chen, Phys. Rev.
Lett. 82 (18), 3709 (1999).

H. D. Rosenfeld and T. Egami, Ferroelectrics 158, 351
(1994).

B. E. Vugmeister and H. Rabitz, Ferroel ectrics 206—208,
265 (1998).

F. Chu, J. M. Reaney, and N. Setter, J. Am. Ceram. Soc.
78 (7), 1947 (1995).

C. Malibert, B. Dkhil, J. M. Kiat, et al., J. Phys.: Con-
dens. Matter 9, 7485 (1997).

K. S. Knight and K. Z. Baba-Kishi, Ferroelectrics 173,
341 (1995).

F. Jona and G. Shirane, Ferroelectric Crystals (Perga
mon, Oxford, 1962; Mir, Moscow, 1965).

T. P. Myasnikova, S. G. Gakh, andV. N. Shalaev, Kristal-
lografiya 43 (3), 502 (1998) [Crystallogr. Rep. 43, 463
(1998)].

E. N. Myasnikov, R. I. Spinko, E. A. Shalaeva, and
T. P. Myasnikova, Ferroelectrics 214, 177 (1998).

E. V. Bursian, Nonlinear Crystal: Barium Titanate
(Nauka, Moscow, 1977).

S. |. Pekar, Investigations on the Electron Theory of
Crystals (GITTL, Moscow, 1969).

V. Kogan and M. Kupriyanov, J. Appl. Crystallogr. 25,
16 (1992).

V. |. Zinenko, Fiz. Tverd. Tela (Leningrad) 17, 1064
(1975) [Sov. Phys. Solid State 17, 678 (1975)].

Translated by O. Borovik-Romanova

No. 3 2001



Physics of the Solid State, Vol. 43, No. 3, 2001, pp. 513-516. Translated from Fizika Tverdogo Tela, Vol. 43, No. 3, 2001, pp. 495-498.

Original Russian Text Copyright © 2001 by Milov, Srukov.

MAGNETISM

AND FERROELECTRICITY

Pyroelectric Effect and Spontaneous Polarization

in High-Temperature Ferroelectric LaBGeOg (LBGO)
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Abstract—The temperature dependence of the pyroelectric coefficient of the new high-temperature ferroelec-
tric LBGO in asingle-domain state is determined. These data are used to reconstruct and describe the temper-
ature dependence of the spontaneous polarization within the 50- to 540°C range. The possible existence of a
second phase transition in this crystal is discussed. © 2001 MAIK “ Nauka/Interperiodica” .

The ferroelectric properties of LBGO crystals were
discovered in 1992 [1]. These crystals have the still-
wellite structure and transfer to the ferroel ectric state at
T, = 532°C, and the temperature dependence of the
low-frequency dielectric permittivity in the paraglectric
phase obeys the Curie-Weiss law with a constant C =
32003600 K [1, 2]. This value, as well as the magni-
tude of the excess entropy of the phase transition AS=
0.1R[2], indicated that the phase transitionin LBGO is
intermediate between the displacive- and order—disor-
der-type. Raman scattering data [3] and a high-preci-
sion neutron diffraction analysis [4] confirmed the
complex character of the structure rearrangement the
crystal undergoes when transferring to the polar phase.
In some cases, LBGO exhibitsa“ splitting” of the phase
transition, so that the permittivity, the loss tangent, and
the heat capacity have two anomalies separated by a
temperature interval of 1-5 K, which may correspond
to an intermediate phase [1, 2].

Remarkably, the comparatively high phase transi-
tion temperature makes spontaneous polarization mea-
surements difficult because of a fairly high tempera-
ture-dependent electrical conductivity and a strong
increase in the coercive field below 300°C [5]. The
available experimental data on the temperature depen-
dence of the spontaneous polarization, which are
derived from measurements of the second-harmonic
generation (SHG) intensity performed on a finely dis-
perse powder [1] and calorimetric studies [2], provide
strongly differing results (P; = 12 in [1] and 3 uCl/cm?
in [2] a room temperature). Symmetric hysteresis
loops distorted by conduction were observed above
400°C, while below 250°C, no switching of spontane-
ous polarization at 60 Hz was observed to occur in
fields of up to 6 kV/cm [5]. The high electrical conduc-
tion also hindered measurements of the pyroelectric
coefficient; the available data obtained at temperatures
up to ~400°C [1] are at odds with the figures expected
from the temperature dependence of the SHG intensity.

This uncertainty in the temperature dependence and
in the spontaneous polarization, an important parame-
ter of the ferroelectric phase transition in LBGO crys-
tals, stimulated our interest in a more comprehensive
investigation of the pyroelectric properties of this crys-
tal over a broad temperature region and around the
phase transition. Application of an improved technique
for measuring small (down to 1 pA) currents at a com-
paratively small (~10 kQ) input resistance of the mea-
suring system permitted us to carry out an extensive
study of the pyroelectric properties of the LBGO crys-
tals and to determine and describe the temperature
dependence of their spontaneous polarization.

1. EXPERIMENTAL TECHNIQUES

The samples of the LBGO crystal were plates, ~1 cm?
in areaand 2 mm thick, cut perpendicular to the polar ¢
axis of the crystal, which has trigonal symmetry P3; in
the polar phase. The polished samples were transparent
and did not reveal visible inhomogeneities. Gold elec-
trodes ~1 um thick were deposited by RF cathode sput-
tering on the plate faces. To exclude generation of par-
asitic thermopower, the wire leads into the high-tem-
perature chamber were made of gold. The insulating
components of the high-temperature lead-in and of the
sample holder were made of quartz glass. All measure-
ments were carried out under heating at a rate of
~0.15 K/s, which was maintained by means of a heat-
ing controller within the temperature range of 30 to
600°C. The temperature was measured with achromel—
alumel thermocouple with an absolute error of £1.5 K
and asensitivity of 0.1 K.

Our technique of closed-circuit measurement of the
pyroelectric current, with the sample temperature var-
ied at a constant rate, permitted the distortions due to
the intrinsic conductivity of the crystal to be reduced to
a minimum. To increase the charge sensitivity and the
accuracy of charge integration, aswell as to reduce the
input resistance of the setup, we used the modulation

1063-7834/01/4303-0513%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Block diagram of the setup for pyroelectric current
measurements.
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Fig. 2. Temperature dependence of the pyroelectric current
in LBGO crystals obtained for two values of the field
applied to make the sample single-domain: (a) +250 and
(b) £7 V/em.

method, whose essenceis explained in Fig. 1. The cur-
rent generated in the heated sampleisfed into a photo-
resistor modulator consisting of two fast, aternately
illuminated PbS photoresistors. The modulator con-
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verts the slowly varying current in the sample circuit to
an ac voltage of 1 kHz, which will be subsequently
amplified by an electrometric amplifier. The signal thus
obtained passes lock-in detection and is sent through a
16-bit ADC to acomputer, which performs on-line dig-
ital integration to yield the pyroelectric current and the
total charge passed. It is essential that using the modu-
lation method permitted us to increase the input resis-
tance of the setup to 75 kQ at the lowest sample resis-
tance of ~5 MQ in the temperature range covered.
Thus, the error introduced by the intrinsic sample con-
ductivity into the sample pyroelectric current measure-
ments did not exceed 1.5%.

Prior to measurements, the sample was first heated
inaclosed circuit at 630°C for 30 min to reduce the cur-
rent presumably associated with the electret effect and
then cooled in a dc electric field E, to the temperature
at which the measurements were started. We are going
to present the data for two values of E,, 250 and 7 V/cm
below. Aswe shall see, afield of 7V/cmishigh enough
to make the samples single-domain.

2. EXPERIMENTAL RESULTS

Figure 2 presents temperature dependences of the
current passing through the sample circuit when heated
at aconstant rate of 0.15 K/s. The sample was subj ected
preliminarily to dc fields of opposite polarities of the
magnitude specified above; by convention, thetop parts
of Figs. 2aand 2b relate to the positive direction of the
electric field, and the lower parts, to the negative one.
Thesign of the pyroelectric current in thecircuit isseen
to depend on the direction of the field E,, that is, on the
direction of the spontaneous polarization in the crystal.
The sample that had not been subjected to prepolariza-
tion exhibited pyroelectric currents lower, on average, by
an order of magnitude than those shown in Fig. 2, which
indicated the polydomain state of the crystal. Asisevident
from a comparison of Figs. 2a and 2b, cooling a sample
dready in a 7-V/cm field results in its becoming com-
pletely single-domain; indeed, the results of pyroelectric
current integration on cooling in the fiddds of 7 and
250 V/cm are practically identical, provided one neglects
the paragitic current flowing through the sample above the
phase-trandition point after the sample is made single-
domain in afidd of 250 V/cm. This current, clearly seen
in Fig. 2a, is apparently associated with the spread of the
space charge, which appears in a sample cooled through
the Curie point in ahigh enough dectric field. This effect
is more clearly pronounced for negatively directed E,
(the lower part of Fig. 2a). For us, it was essential that
after polarization in the 7-V/cm field, there was no par-
asitic current in the positive field, and this provided
grounds for believing that the behavior of the current
flowing through the crystal isgoverned in thiscase only
by the variation of the spontaneous polarization.

Two features in the behavior of the pyroelectric
coefficient p (connected with the pyroelectric current
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through the relation i, = pSdT/dt) are of interest to us
here, namely, its absolute magnitude within the “work-
ing” temperatureinterval and intheimmediate vicinity of
the Curie point. The corresponding data are displayed in
Fig. 3. One readily sees that the magnitude of p lies, over
a broad temperature interval, within 2-3 nC K= cmr?;
theinset to Fig. 3 shows a gradual growth of the pyro-
electric coefficient with T — T, and its sharp drop at
the transition point to the paraelectric phase. Note also
the shoulder in the temperature course of the pyroelec-
tric coefficient at the temperature T, — 1 K seen for both
directions of E,.

The temperature dependence of the spontaneous
polarization obtained by integrating the pyroelectric
current within a broad temperature interval is shownin
Fig. 4. The curveis seento have the “classical” pattern
characteristic of second-order phase transitions. The
magnitude of the spontaneous polarization was found
to be nearly three times lower than that quoted in [1],
but again one-haf larger than that givenin [2].

3. DISCUSSION OF RESULTS

The temperature dependence of the LBGO sponta-
neous polarization obtained was treated in terms of
Landau’s theory of second-order phase transitions. We
used the expansion of the thermodynamic potential in
even powers of polarization through the sixth order,
which is standard for a uniaxial ferroelectric, and the
attendant relation for the temperature dependence of
spontaneous polarization [6]:

P, = +a/2y[{ (Bla) = 4T -TYyla} "> —pla]™’.

Here, a, 3, and y are constant coefficients of the terms
P?/2, P44, and P%/6, respectively, in the thermody-
namic potential. The ratios B/a and y/a were deter-
mined by the least-squares technique within the tem-
perature interval (T, —16 K)-T.:

Bla = (9.5+ 0.3) x 10 CGSE,
ylo = (1.13 £ 0.01) x 10 CGSE,

with the temperature corresponding to the pyroelectric
current maximum, T, = 533.6°C, accepted as the phase-
trangtion point. The coefficient a was preliminarily
derived from permittivity measurements made for T > T,
o = 417/C. In accordancewith[2], C=3600K and a =
3.49x 1073 K-!. We obtain findly g = 3.32 x 10~ CGSE
andy=3.94 x 1017 CGSE. As can be seen from Fig. 5,
the ratio used provides a good fit to the experimental
curve over a broad enough temperature interval of
about 75 K.

Note that this set of coefficients differs somewhat
from the one obtained from cal orimetric measurements
in [2], where B = 2.40 x 10-'° CGSE and y = 6.05 x
10-'® CGSE. The reason for such a substantial dis-
agreement in the magnitude of the y coefficient remains
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Fig. 4. Temperature dependence of the spontaneous polar-
ization of an LBGO crystal within a broad temperature
interval.

unclear; one could suggest that calculations based on
calorimetric data are valid only near the Curie paint.

As can be seen from Fig. 5, within the temperature
interval T, + 2.5 K, the experimental points deviate
from the temperature course predicted by the Landau
theory. This is associated, to a certain extent, with the
additional shoulder-type anomaly of the pyroelectric
coefficient near T; thisanomaly becomesmanifestinthe
temperature behavior of the spontaneous polarization as
abreak, which could be related to a second phase transi-
tion in this crystal, which was discussed earlier in the
literature. One can also not rule out the effect of lattice
defects, which make aphasetransition diffuse[7, 8]. As
can be seen from Fig. 3, in our case, the broadening is
observed to occur within a temperature interval ~1 K,
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Fig. 5. Comparison of the experimental temperature depen-
dence P¢(T) with Eq. (1) plotted by a solid line. Inset: the
same near the phase-transition temperature.

which is comparable to the temperature difference
between T, and the temperature of the possible second

phase transition.

Thus, the prablem of the existence of a second phase
transition can be resolved only by measurements on
high-quality samples; this work is being carried out
presently.

We note in conclusion that we have established the
possibility of creating a stable single-domain state in
crystals of high-temperature ferroelectric LBGO,
obtained the temperature dependence of the pyroelec-
tric coefficient over a broad temperature interval and in
the phase-transition region by a specially developed
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technique of low-current measurement, measured the
temperature dependence of the spontaneous polariza-
tion of LBGO crystals, and proposed its quantitative
description in terms of the phenomenological theory.
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Abstract—It is shown that, under the effect of a point force, ordered deformation states of the Fermi type can
arisein ananocrystal. These states are characterized by an angular momentum whose magnitude (estimated in
the units of Planck’s constant) depends on the number of atoms in the deformed nanocrystals and can accept
macroscopic values. A qualitative explanation is given to the evolution of the strength, diffusive, and damping
properties of compact nanocrystalline materials based on the assumption that the quantum generation of angu-
lar momenta of crystallites can result in states of rotational motion. © 2001 MAIK “ Nauka/Interperiodica” .

The main feature of compact nanocrystalline mate-
rials that differentiates them from the conventional
materialsisrelated to the higher values of their strength
characteristics in combination with better damping
properties and a higher diffusive mobility of atomsin
them [1]. Numerous attempts that were undertaken to
explain this feature are based on the estimation of dif-
ferences in structural and (or) thermodynamic proper-
ties of individua crystallites and intercrystaline
boundaries. In spite of a certain successfulness of these
attempts (especially, in the phenomenological descrip-
tion of some experimental dependences), we can sup-
pose that the existence of these clearly pronounced
“anomalous’ dependences follows from a sufficiently
simple mechanism that explains the formation of
“nanocrystalline properties.” Without resorting to a
detailed consideration of thismechanism, it turns out to
be possible to find, in the solution of the problem of the
microscopic deformation of a crystal, such aspects in
the behavior of an ensemble of nanocrystallites that
directly indicate the differences of the properties of
nanocrystalline materials from the macrocrystalline
ones.

In [2], we made an attempt to solve the problem of
the deformation of a finite crystal by point force
sources by quantizing stationary displacements of
atoms from lattice sites. The main result of the solution
consisted in the fact that, in crystals with dimensions of
an order of afew nanometers, there can arise deforma-
tion states which, in their spatial and energy character-
istics, qualitatively differ from the known states. The
field of charge displacements in these states is repre-
sented in the form of alimited set of Fourier harmonics
of zero-point vibrations of the crystal whose quantiza-
tion leads to an energy spectrum of the Fermi type. An
assumption on the possibility of thermal excitation of
negative-energy states suggests the existence, in an

elastically polarized or deformed crystal, of quasi parti-
cle excitations whose characteristics depend on the
properties of the crystal and of the external force
source.

In this work, we show that the specific features of
the energy spectrum of deformation excitations permit
the existence of quantum ordered states corresponding
to a macroscopic value of the angular momentum of a
crystal whose dimensions fall into the nanoscopic
range. From the viewpoint of the properties of nanoc-
rystalline materials, this result agrees well with the
long-known mechanical model in which force interac-
tions (induced by an external factor) between individ-
ual nanocrystallites may generate rotational moments
and, consequently, create new, and suppress some of
the existing, degrees of freedom of crystallites during
arbitrary changes of the shape of these materials.

Quantized deformation states of a crystal have the
following spectrum:

[p—2n,ps./p, )

NI <

€ip) =

which includes momentum components of the zero-
point energy of the crystal and of the energy of its
monopole deformation by an extraneous force source
[2]. Formula (1) includes the following quantities: v =
ne(x/p)¥? is the velocity of propagation of phonon
states, where n is the number of charges e per atomic
volume Q and ¥ is the phenomenological constant of
interatomic bonding; p = m/Q isthe crystal density; n,
isthe number of phonon states that determinesthe com-
ponent of the wave vector k, = 2rm,/L,, where L, isthe
length of the crystal along a preferred direction;

Poa = Pp(Ma/n,N)** )

1063-7834/01/4303-0517$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Spectra of deformation vibration states of a nanoc-
rystal with atotal number of ionsN = 10%. Asthe number N,
of displaced ions in the region of the force nonuniformity
increases, the character of the spectrum evolution is deter-
mined by an increase in the magnitude of the Fermi momen-
tum E)Oa from p_ to pp. The transition from (8) N, =5 to
(b) N4 = 10 causes, in accordance with (10), an increasein
the number of levels N, — 1 and in the number of states of
the deformation mode 2N,. Transition from (c) N, = Ny =
11 to (d) N, = 100 causes, in accordance with Eq. (11), a
decrease in the number of levels N — N, and, as before, an
increase in the number of states 2N,.

is the boundary momentum, where pp = TH/QY3 is the
Debye momentum; N = V/Q is the total number of
atoms in the crystal with a volume V; and m, =

Efa/n%vx is the number of quantized deformation

states of the crystal deformed by an external electro-
static field with a component E; ..
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The calculations of the energies €, of excited states
for the cases of p< p,, and p = po, Yield

€a = £5(1—N,/N), (3)

gy = g5(N,—1)/N™°, )

respectively, where N, is the number of monopole-dis-
placed ionsin the region of the force nonuniformity of
the crystal. For the valuesm, = 2N, =2 at €&, =0 and
m, = 2N, = 2N at £, = 0 (which corresponds to either
the absence of the field of ion displacements or the

complete overlap of the crystal by the deformation
field), the values of the number N, vary from 1 to N.

Excited states with energies (3) are determined by
that branch of spectrum (1) that corresponds to the
greatest possible momentum pp, i.e., to the smallest
wavelength of the excited state that can propagate
through the crystal lattice with an interatomic spacing
Q3. These states can correspond to collective vibra-
tions of ionsthat are permanently displaced from lattice
sites. The excited states with energies (4) are deter-
mined by another branch of spectrum (1), which corre-
sponds to the smallest possible momentum p, = p/NY3
(i.e., to the greatest wavelength of the excited state
which can propagate through the crystal with length
L = (QN)¥3). The physical meaning of these states is
not completely clear. But sincethisbranch isformed by
excited states of “holes’ that appear in the negative-
energy range, we can assume that, in the coordinate
space, the energies €, are associated with collective
motions of adiscrete set of voidsthat areformed by dis-
placed states of ions. These voids can be referred to by
the commonly accepted name “vacancies,” but with a
“string” that, in contrast to Frenkel’s vacancies, they
are formed in this model by small displacements of
atoms from the equilibrium positions. In what follows,
the branch of spectrum (1) that determines the energies

€y will be named the vacancy branch, and that which
determines the energy €, , the atomic branch.

In[2], we considered the case of spectrum (1) deter-
mined by the total number N of atoms in the crystal at
a specified value of the number N, of monopole-dis-
placed atoms in the region of force nonuniformity and
established the main features of this spectrum. Now, we
dwell on the features of this spectrum that can conve-
niently be revealed by analyzing the variation of €, at
N,, N = const.

Figure 1 shows spectra of deformation-induced
vibrational states for the case where the number N, of
monopole-displaced ions changes in the region of the
force nonuniformity at a constant total number N of
ions in the crystal and n, = 1. The transition from the
spectrum g,(N, — 1) to the spectrum g,(N,) corre-
spondsto ajumpwise changein thefield E;, by a mag-
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nitude corresponding to the passage of an ion in the
crystal lattice into the next displaced state. The change
in N, from 5 (Fig. 1a) to 10 (Fig. 1b) demonstrates the
appearance of a spectrum that is formed by excitations
of vacancy character, and the passage from N, = 11 in
Fig. 1cto N, = 100 in Fig. 1d shows the disappearance
of the spectrum that is formed by excitations of atomic
nature. The passage, during the formation of a spec-
trum, from one branch to the other occurs when the
number of displaced atoms becomes equal to

Nae = (N+N*%)/(1+ NP =N"+21.  (5)

The velocity of propagation of deformation excita-
tions of atomic character is

Va = (de/dp)p=p, — V. (6)

Deformation  excitations of vacancy type have a
velocity

vy = (de/dp)p=p = VM, @)
that is m, times that of the velocity of propagation of
acoustic vibrations. The results (6) and (7) suggest that
the differencein the vel ocities of propagation of atomic
and vacancy excitations is analogous to the difference
in the velocity of the relative displacement of two laths
crossed at a small angle on the velocity of the point of
their intersection.

A distinctive feature of the spectrum of deformation
excitations (1) is the asymmetry of the atomic and
vacancy branches relative to the Fermi momentum (2).
Apart from the difference in the velocities of excited
states, this asymmetry manifestsitself in the different
character of the change in the energies of excited
states (3) and (4) when the number of monopole-dis-
placed ions passes through the value N, determined by
formula(5). InFig. 2 thisdifferenceisillustrated using
gy (N) and £, (N) dependences.

Let us estimate the effect of structural features on
the variation of the spectrum. For the values N, < N,

the energy interval between nearest-neighbor levels is
written as follows:

1/3.

AgV = EV(Na+ 1)_§V(Na) = SD/N ' (8)
and for N, = N, asfollows:
Agp = €5(N,) —€a(N,+ 1) = gp/N. (9)

The energy intervals (8) and (9) do not depend on
the number m, of quantized states of the spectrum (or
the number of monopole-displaced ions) but are deter-
mined only by the properties of the deformed crystal.
The difference in these intervals leads to differencesin
the number of levels of the spectrum. At N, < N, the
number of energy levelsthat can be occupied by Fermi
pairsis equal to

Ny, = &/Ag, = N,—1, (10)

PHYSICS OF THE SOLID STATE Vol. 43 No. 3

2001

519

g, eV
0.012F
0.010F

|
o.oogM
0.006 §0 1

1 &y
0.004 |
0.002 - ' p

V

1 1 1 1

1
0 500 1000 1500 2000 2500 3000
N

Fig. 2. The energy of the highest excited state as afunction
of the number N of ionsin the crystal. At N =N, = 103, the

quantity € changes from values determined by the atomic

branch of the spectrum to values determined by the vacancy
branch.

and at N, = N, to

N, = €JJAEL = N—N,. (11)

Dependences (10) and (11) areshownin Fig. 3; itis
seen that at N, = (N, — 1)3, there occurs a sharp change
in the number of energy levels of the spectrum.

The main consequence of the change in the number
of energy levels upon the passage through the point N,
consistsin that the phonon pumping of the spectrum by
deformation pairs in the case of the different structure
of the levels can lead to differences in the character of
their occupation. For example, assuming that all them,
states became transformed by phonons into excited
states, at N, < N,, we obtain an energy band with a
complete occupation of thelevelsby pairs of oppositely
directed deformation spins. At N, = N, the number of
energy levels can exceed the number of pairs, since
N = N,. At the point N, = N,., the number of levelsN, >
m,. = N../2 and, consequently, thereisa partially filled
energy band, which permits generation of spin excesses
from m, admissible states of Fermi deformation pairsin
N, phonon states of thermal normal vibrations of the
crystal.

The assumption that the additional external force
action or exchange interaction can cause ordering of
deformation spins permits one to determine the pos-
sible angular momentum of a nanocrystal:

L =AN,n, = ANY3n,.

Since all possible phonon states fromn, =1ton, =
N can take part in the formation of collective deforma:
tion modes, the angular momentum can take on magni-
tudes from alower value

L, = N3 (12)
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Fig. 3. Variation of the number of energy levels of the spec-
trum of deformation excitations of a crystal asafunction of
the number of monopole-displaced ionsin the region of the
force nonuniformity. At N, = N = 11, we have N — N, =
my for the number of levels of the spectrum (the total num-
ber of deformation spins).

to an upper value
Ly, = ANYS, (13)

Formulas (12) and (13) show that for typical values
of the number of atoms in nanocrystals, L can take on
macroscopic (although in the case under consideration,
it would be more correctly to say “nanoscopic”) values
and, consequently, cause the appearance of arotational
momentum of a nanocrystal.

Thus, in nanocrystals subjected to deformation by
an external force source, ordered states of Fermi defor-
mation modes generated by thermal excitations can
arise. These states, in turn, can bring the nanocrysta
into a state of rotational motion and determineitsinsta:
bility, e.g., asin the case of instability of small particles
on asubstrate [3-5].

In compact materials subjected to an external load,
the angular momentum L should favor diding or twist-
ing of nanocrystallites along their boundaries, thereby
ensuring the improvement of plastic properties, as is
the case in nanoceramic materials, e.g., in hanoceram-
ics based on hydroxyapatite [1] or in ceramics based on
polycrystalline zirconium oxide ZrO, [6]. It can easily
be understood that even in the absence of an external
force action, only at the expense of temperature gradi-
ents, the force interaction between nanocrystallites is
retained and, consequently, the thermal generation of
the momenta L isaso retained. Therefore, the effect of
dliding or twisting of nanocrystals also should occur. In
both cases, the rotational motions of nanocrystallites
should lead to the acceleration of the diffusion transfer
of atoms through the intercrystalline space.

Let us estimate the possible velocities v of motion
of surface atoms of a rotating nanocrystallite. Assum-
ing that the mechanical momentum of a nanocrystal is
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L = Mvr, where M is its mass and r is the average
radius, and taking, as the basis for calculations, atypi-
cal caseof r = 10 nm for typical solid-state values of the
volumes Q = 1022 cm? and densities p = 10 g/lcm®, we
find the lower order of magnitude for the velocity

3 N1/3 10—27 x 105/3

— a1n-3
Vi= g s 10‘17><10‘6~10 cm/s

from Eq. (12) and the upper order

hN4/3 10—27 x 1020/3

o an2
Vo = T S 107 x 107 = 10" cm/s

from Eqg. (13).

If we proceed from the case N = 10° considered in
this paper, which, for typical values of parameters, cor-
responds to a nanocrystal with an average radius r =
1 nm, we obtain

—27
| = —];c_llg;><——-1-% =1 cm/s,
10 7 x 10
—27 4
b= 10_19—x10_7 =~ 10° crm/s.
10~ x 10

The tendency observed is evident: the velocity of
rotation of a crystallite increases as its size decreases.
The other aspect, namely, the high values of the veloc-
ities, which can qualitatively substantiate the exclu-
sively high diffusive mobility of atoms in nanomateri-
als, isnontrivia [1]. Experimental dataindicate that the
mobility of atoms in nanomaterials is 56 orders of
magnitude higher than in conventional polycrystals
and, consequently, indirectly corroborates the above
estimates.

We can also note that the greatest estimate for the
velacities is not very far from the typical value of the
velocity of propagation of long-wavelength elastic
vibrations ¢ = 10° cm/s. The question that arises is
whether or not the phenomenon that is called super-
plasticity islinked with the fact that the vel ocity of rota-
tion of the surfaces of nanocrystals coincides with the
sound vel ocity. To answer this question, experimentsin
situ are necessary, such experiments that would permit
one to follow the behavior of individual nanocrystal-
lites during deformation.

Now, we consider the higher strength properties of
compact nanocrystalline materials as compared to the
conventional polycrystals. For example, at normal tem-
peratures, the microhardness of nanomaterials is 2—
7 times that of coarse-grained polycrystals [1]. This
property seems to be the best studied, perhaps, for the
reason that the phenomenon of increasing strength of
polycrystals with decreasing grain size has long been
known. Neglecting known deviations from this regul ar-
ity, we nevertheless can believe that the approach to the
estimates of microhardness from the viewpoint of the
existence of self angular momenta for nanocrystallites
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can reflect some new aspects of the physics of interac-
tion of two solids.

Investigations of microhardness by theVickerstech-
nique is performed using a diamond pyramid that is
impressed into the surface of a material and causes an
inhomogeneous stress. The inhomogeneous distribu-
tion of the field of stresses imposed onto a disordered
structure of the vector field of self angular momenta of
nanocrystallites can lead to an ordering of rotations of
crystallit&s.1 The formation of an ordered structure of
the vector field of momenta should make the collective
response of nanocrystallites more rigid, at least at the
expense of the suppression in such a system of transla-
tional degrees of freedom of individual crystallites.

Finally, let us turn to the question of damping prop-
erties. In [7], we arived at a conclusion that an
improvement in the damping properties of nanocrystal-
line materials can be a consequence of cutting out of
long-wavelength phonons of the nanocrystal by
extended force nonuniformities. In addition, it follows
from the results of our previous paper [2] and this paper
that the formation of a collective vibrational system of
deformation spins is possible only at the extent of cut-
ting out of the long-wavelength portion of the phonon
spectrum of the crystal. Based on the geometrica
aspect (which is traditional for the investigation of

L1t should perhaps be noted that here we should speak of classical
ordering rather than of quantum ordering of deformation spins
that form the moment L.
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damping properties), we can conclude that the specific
features of the collective behavior of rotating nanocrys-
tals in the ordered and disordered states should mani-
fest itself in experimental data on internal friction.
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Abstract—The impurity absorption of light in a guantum dot with a parabolic potentia profile is considered
within the framework of the model of azero radius potential in the effective mass approximation. The sensitiv-
ity of the effect of position disorder to the size factor at the transition from a quantum well to a quantum dot is
revealed. The spectral dependence of the coefficient of impurity absorption of light isinvestigated with account
of the spread in size of quantum dots. It is shown that the account of spread in sizeresultsin smearing of discrete
absorption lines. The impurity absorption edge depends on the parameters of quantum dots and the depth of the

impurity level. © 2001 MAIK “ Nauka/Interperiodica” .

1. Research into the optical properties of semicon-
ductor quantum dots (QD) synthesizedinaglasshost is
rather urgent for development of new devices of quan-
tum electronics[1]. Animportant aspect of the research
is the reliable identification of optical transitions,
which is based on calculation of corresponding oscilla-
tor strengths. For example, in the case of interband
absorption of light by a spherically symmetric QD,
such identification [2] allowsoneto interpret the results
of the experiment [3]. The development of &-doping
technology (a review is given in [4]) stimulates
research of impurity absorption of light in structures
with QDs. In the present work, the local electron states
induced by defects inside semiconductor QDs, which
are synthesized in a transparent boron silicate host, are
investigated. The QD is described within the frame-
work of the model of a spherical oscillator well. The
model of zero radius potentia is used for the potential
of the defect [5-7]. This model, as known [7], well
enough describes D~ states and the states of a negative
hydrogen ion. In the effective mass approximation, the
coefficient of impurity absorption of light is calcul ated
with account of the size spread of QDs. It is supposed
that the spread appears during phase disintegration of
an oversaturated solid solution [8, 9] and is satisfacto-
rily described by the Lifshitz—Slezov formula [10]

P(u = Ry/Ro)

EBeuzexp[—ll(l—Zu/B)]
— E25/3(3+ u)7/3(3/2_u)11/3'
, u>3/2,

u<3/2 1)

where eisthe natural logarithm base and R, and R, are
the radius of a QD and its average value, respectively.

2. The Lippmann—Schwinger equation for a bound
state is written ast

Wi Ry = _[dflG(f, Fi; BV, R)Wa(ry, Ra).(2)

where G(r, r,; E,) isthe one-electron Green’s function
which correspondsto asource a the point R, = (X,, Ya, Z,)
and to an energy E,; W,(r;, R,) isthe wave function of
an electron which islocalized by the short-range poten-
tial; E, = —#2\%(2nm*) is the binding energy of the
impurity center; and m* is the effective mass of the
electron. Here, V;(r, R,) is a zero radius potential of
power y = 2170

Vo(r, Ra) =yar =R )[1+(r —RyV,]. ©)
The parameter a is defined by the binding energy E; of
the electron localized on the same defect in the bulky

semiconductor. After substitution of Eq. (3) into
Eq. (2), we have

W\(r,R) =YG(r, Ry E)(TW)(R. R, (4
where

(TWYIR, Ry = lim [1+(r —R)V I Ra). (5)

Operating with the operator T on both parts of Eq. (4)
and summing over quantum numbers with the use of
the Mdller formulafor the generating function [11]

z D;Dn H n(Xl) H n(XZ) _ 1
o] n! B 1
= ~u

n=

2
. ©)
PX,X,U—(X; + X5)u
+ exp XXl = (4 + XU

O 1-u O

1 The impurity center is located at the point Ry = (Xq, Yar Z5), and
the energy is reckoned from the bottom of a spherical oscillator
well that approximates a QD.
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gives the following equation, which defines the depen-
dence of the bound state energy E, of the impurity center
on the parameters of the QD and on the position of the
defect R;;:

e+ 35 = n- [ Z fetexpl—(pn’ + 31231
0

X [ - : 3/2} ()
2t/2t  (1-exp(-2t))

RSB~ 1— exp(t)]
2 1+ exp(—t)D]

Xexp%

where n2 = |E,|[/E; and n’ = |E|/E, are parameters
specifying the energies of the bound state of the impu-
rity center in the QD and the bulky semiconductor,
respectively; E; = m*e¥/2h%? is the effective Bohr
energy with account of the effective mass m* and the

dielectric permittivity &; B = R /4./U% ; R% = 2Ry/ay;

ay = eh?/m* € isthe effective Bohr radius; Uy = Uy/E4

isthe amplitude of the QD potential; and R} = R,/a,.
The results of numerical analysis of Eq. (7) are pre-

sented in Fig. 1, from which it is seen that the effect of
position disorder takes placein aQD with impurity cen-

ters: N?(R; ) isadecreasing function of R, (curve 1). Such

behavior of N%(R} ) is characteristic of quantum-sized
films [5, 6] and quantum wells [7]. This behavior is
caused by aradical change in the local electron states
near the boundary of the system. The growth of the
amplitude of the QD potential U§ leads to more
restrictive conditions for the existence of the bound
state (cf. curves 1 and 2). For comparison, Fig. 1 pre-
sents the numerically calculated dependence (curve 3)
of the localization energy on the position of the same
defect in aquantum well with a parabolic potential pro-
file, which was obtained in [12]. In our notation, the
corresponding equation has the form

n*+ 387 = ni= [z Ferl(Bn’ + U2)1
0
X [‘1— - ! 1/2} ®
J2t (1-exp(-2t))

*2n-1
a B l1-exp(t)d
X eXpD 2 1+ exp(—t)D}

wherea* =z/a,, B =L*/4
width of the quantum well.

A comparison of curves 1 and 3 shows that the
2D — 0D transition is accompanied by strengthening
of the effect of position disorder.

5, L* =L/ay, and Listhe
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Fig. 1. Position of the localized level n? = |E,|[/Eq asafunc-

tion of the coordinate of theimpurity center R}, = Ry/ay for
various values of the parameters of a quantum dot:

(1) U =120, n? =40, R = 1; and (2) U§ = 200, ” =40,
RB = 1. Curve 3 presents a similar function for a quantum
well: U5 =120, n? =40, L* = 1.

3. We consider impurity absorption of light in aQD
with a parabolic potential profile. The wave function of
the electron which is localized by a short-range poten-
tial, as one can easily see from Eq. (4), differs only by
a constant factor from the one-electron Green's func-
tion:

2
r

+R2Doo ~ o
" agl’dte Pla g2y ?
2a s

O
W,(r,R,) = CexpE)—

2t, 2 2 1 (9)
Oe (r'+R)-2e (r,R.)O
v expl (R =261 R)
0 a(l-e”) O
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where C = (-0/0e,G(R,, R,; £,)a%"? is a normalizing
factor, €, = [E\|/hwy, Ep = (3/2)hwy, is the energy of the
QD ground state, and a2 = 7/(m* w,).

We consider the case when an impurity atom is
located at the center of the QD (R, = 0). Then, using an
integral representation for the Whittaker function [11],
relation (9) can be rewritten as

-3/4

+3/2
%ZD rEe= v,

W(r) = 2, 1"‘[52D (10)

where I"(x) isthe gamma function, W, (X) is the Whit-
taker function, and
C = {21 (e,/2 + 7/4)a°[ (/2 + 3/4)
x (W(g,/2 + 714) —W(e, /2 + 1/4)) —1]/[ (g, + 3/2)°
x [ (e/2+1/4)]} 7,

with W(X) being the logarithmic derivative of the
gamma function.

The wave function of the final stateis taken as

M
My 6°w

KREVCHIK,

5/2
2 _ T a* |o7\o 2

ZAITSEV

10 el r’ o r(1+3/2)
RO 0 2a2EI'(I +3/2+n)
(11)

L|n+ 1/2%2!] 2|4-]'-'[1§|| " m;' P| (cosB)exp(imd),

where Cy = /21T (1 +n+3/2)/a°IT(l + 3/2) is the

normalizing factor; L.""2(r

l'I'an,l,m(r) =C

2/a®) are the generalized

Laguerre polynomials; P|"(cosB) are the associated

Legendre functions of the first kind; n, |, and m are the
radial, orbital, and magnetic quantum numbers, respec-
tively; and r, ¢, and 6 are the spherical coordinates.
Such a choice of the wave function of the final stateis
justified if theinequality Aa > 1 issatisfied (the case of
strong localization of the impurity electron).

By virtue of the spherical symmetry of the problem,
optical transitions fulfill the usual selection rulesin the
dipole approximation: only the transitions from the
ground s state of the impurity center to the excited p
states of the QD are allowed. The square of the modulus
of the matrix element that determines the oscillator
strength of adipole optical transition has the form

a’El(g, + 2n + 5/2)°

Ni(e, + 3/2)°T (£,/2 + 1I4)3(e,/2 + 3/4)

F(n+ 5/2)I (.2 +714){ (e/2+ 3/4)[W(e/2+ 7/4) —W(e /2 + 1/4)] — 1}

[(n+5/2)

(2m + 3)!!

(12)

2
Fr(m+2) D

O m
xgJy) (1)
12,

(n—m)!IF(m+5/2)m!

where a* is the fine structure constant including the
permittivity, w is the frequency of light, |, isthe inten-
sity of light, and A, isthe local-field coefficient.

K =K X

oM (m+2+¢, /2+3/4)D

With account of the size spread of QDs, the
impurity absorption coefficient of light K can be
written as

—2 5 P(5,)(2n+5/2)?
(X ﬂ ) B*nzo

(24, + 3/2)°T (A, + 1/4) (A, + 3/4)

F(n+5/2)|’(A 718 (D, + 3/A)[P(D, + 714) —W(A, + 1/4)] -1}

[(n+5/2)

(2m+ 3)!!

(13)

F(m+2) D2

0 m
* %nzo ) it m+s2m
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Fig. 2. Spectral distribution of the normalized absorption
coefficient K/Kq for optical transition with amaximal oscil-
lator strength (n = 0) for various values of the parameters of

aQD: (1) U =100, n? =250, Ry =1.0;(2) U} =100,
nZ =300, Ry =10;and(3) U} =100,n° =250, Ry =12

where K, = T720* A2 a3 Ny/24, B* = RS /4,JU% | R =
2Ro/ag, 8,= (2n+52)/[(X—n?)B*], X=hwE,; N=[C] is
theinteger part of the number C =[3(X—n?)B*/2-5/2]/2,
A, = n?(2n + 5/2)/[2(X — n?)], the function P(3,) is
defined by formula (1), and N, is the concentration of
QDsin the dielectric host.

In Fig. 2, the spectral distribution of the normalized
impurity absorption coefficient K/K, is presented, for
the optical transition, with a maximal oscillator
strength (n = 0). One can see that the account of the size
spread resultsin smearing of discrete lines of the impu-
rity absorption of light. The evolution of the spectrum
of impurity absorption with a change in the QD size
Rs isshown by curves 2 and 3in Fig. 2. A decreasein
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R shifts the edge of impurity absorption to the short-

wavelength spectrum range, which reflects the shift of

the lower size-quantization level. The sensitivity of the
impurity absorption edge to the parameter n? = |E, |/E4

is shown by curves 1 and 2. A decrease in n? (i.e., an
increase in the radius of the localized state) leadsto an
appreciable increase in the oscillator strength of the
dipole optical transition (cf. curves 1 and 2), and the
edge of impurity absorption is shifted to the long-wave-
length spectrum range. This shift satisfiesthe law (N = 0)
X, =n?+ 5/(3p*). This shift can be used for experimen-
tal determination of the average radius of nanocrystals

(QDy) if the parametersn? and U§ are known.

4. Thus, thelocalized state in a short-range potential
in a QD with a parabolic potential profile was consid-
ered. Inthismodel of the QD, the amplitude of the QD

potential Ug isan empirical parameter.

In this approximation, the influence of dimensional-
ity on the location of the impurity level isshown to take
place in the 2D — 0D transition. The account of the
size spread of QDs essentially changes the character of
the spectral distribution of the impurity absorption
coefficient of light. The quantum dot which is filled
only by electrons localized by short-range potentials
can have higher thresholds for thermal ionization. The
reason for this is that the electrons localized by short-
range potentials inside the QD are confined to the

region between the barriers of height about Uj and
Us +n2 In this connection, the use of an assemblage

of QDs with impurity states as an active medium for a
laser structure attracts certain interest.
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Abstract—An analytical expression is obtained for the resonant permittivity and linear photoelasticity coeffi-
cients in multiple quantum well structures near interband resonances. It is shown that the resonant photoel as-
ticity inthese structuresis considerably higher than that in the bulk case and can exceed the photoel asticity near
the resonance of abulk exciton. It isnoted that this result is associated with localization of noninteracting elec-
trons and holesin the layer with a quantum well. Similar to the exciton in abulk crystal, this system determines
the elastooptic properties of the superlattice in the vicinity of the interband resonance. © 2001 MAIK

“Nauka/Interperiodica” .

As was shown earlier [1], the localization of elec-
trons and holes in a quantum well leads to a significant
increase in the linear photoelasticity coefficients in
multiple quantum well structures(MQWS) inthevicin-
ity of exciton resonances. This localization imparts the
properties of an oscillator to the electron—hole system
and can be assumed to increase the photoelasticity
coefficients near resonances between discrete levels of
free (noninteracting) electronsand holesin theintrinsic
guantum wells, with respect to the interband resonance
inabulk crystal. Let us estimate this quantity.

By using the density matrix method [2], which was
developed for the case of noninteracting electrons and
holes in a quantum well, and the approximation of an
infinitely deep well, we obtain an expression for the
resonant component of the permittivity in the region of
transitions between discrete levels of free electrons and
holes in the quantum well:

ame’
W V

|k(r t) =

2

m
( n, K+ K” n k”) |:J- C (Z)Cn(Z)dZi| |nkn
—L/2
ﬁm+ En,k“,v En,k”+K“,c+iS

2

n, n',kII

D = (1-(-1))oosTE + (1.4 (-1))sn’%
le = DV n, kO ||eIKr,p||C n kO ||+K|||:| (1)
X @1 n,k0’||+ K||e I’pklvi n, kO,”EI

1
|C! v, n1 k0,|||:|: /\/g—zuc,v,ﬂ,kov”(r)’
_ here n24 A2 (k=Ko ) + Ky®
Ecn, kit = S F omt L2 2m? ,
e, O e |l
R W2 72 (ky—k o||)
Nk T
i 2mh DL 2mg

Here, V,= 9, and Lp=L+Lg denote the volume and
the thickness of an MQWS periad, respectively; L isthe
guantum well width; Lg is the barrier width; Sis the
area of the MQWS surface parallel to the layers; w and
K stand for the frequency and the wave vector of the
electromagnetic wave exciting the electron; E, is the
band gap in the layer constituting the quantum well in

the bulk case; m; ., and my ., are the effective

masses of the electron and the hole, respectively, in the
directions perpendicular and parallel to the MQWS lay-
ers, Q is the unit cell volume in a three-dimensional

crystal used to form the quantum well; uc , nk, () is

the amplitude of the Bloch function for the conduction
(c) or valence (v) band in the state n with the wave vec-
tor ko | in the layer with a quantum well (it is assumed
that the minimum of the conduction band and the max-
imum of the valence band coincidein the n stateand are
situated at the point k, ); k; and Kk symbolize the com-
ponents of thewave vectorsk and K, respectively, inthe
plane parallel to the MQWS layers;,n=1, 2, 3, ... are
the numbers of the discrete spatial-quantization levels
of the electron and hole states in the quantum well (this
representation of the Bloch function amplitude reflects

1063-7834/01/4303-0527$21.00 © 2001 MAIK “Nauka/Interperiodica’
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the situation when the confinement of the well thick-
nessin the direction perpendicular to the MQWS layers
transforms the quasi-continuous spectrum of electronic
states in the bulk crystal [3] and the quantum numbers
Ky, Ky, and k;, which characterize the Bloch function, are

replaced by k, k,, and n); E. ., and 7 represent
the energies of electronic states and the electron energy
distribution functions, respectively, in the conduction
and valence bands which are transformed in the quan-
tum well; p isthe momentum operator; e and m desig-
nate the charge and the mass of the electron, respec-
tively; and s is the linewidth of the resonant transition
with the energy difference E. kK T E,n Ky

A strain applied to the MQWS, which changes the
electronic levels according to the law E; Mkt

0 c,n _ =0 v,n .
Ec ki, T Ak Uk@d E, o = Ey o, + Aik Ui IN

the general case, also changes the resonant permittivity
(ESV v.nk, denote the energy levels in the absence of

cv,n

strain; A ' symbolize the tensors of deformation
potentialsfor intraband transitionsin the nth subband in
the conduction band and the valence band, respectively;
and u, isthe strain tensor). In what follows, we will use
the linear term in the dependence of the permittivity on
Uy This becomes possible at a small strain, i.e., when

cn v,n 0 0 .
(Nik = Nig M < Jhw + By o — Ec ke, T8k

We assume that f{n 01 and waKu 0. Since summa-

tion over al quantum numbers n and n' in formula (1)
leads to additional difficulties, we neglect the contribu-
tion of thelevelswith n> 1 to the resonant permittivity.
Analysis showed that the latter assumption is accept-
able when s < #21%/(2mp L?), because, in this case, the
numerator of the first term in the series (i.e., the term
with n = n' = 1) in formula (1) is maximum and its
denominator near the resonance iw — E; Lkt T

Evi, is considerably smaller than the denominators

of other nonzero termsin the series. The above criterion
can easily be satisfied for standard values of the param-
eters. Then, we change from summation over k; to inte-
gration, expand the obtained expression into a power

series of Aa = (ALY = Al M)y, and find the linear
term of the g, expansion in terms of Aa in the simplest
caseky = 0; that is,

1

027 P
Mgy = —AUETL "225 fa_
yL20atis

()

Here, Al = 2€L{i ITMPwP(2Wh?)%2, a = hoo — Eg —
h?1%/(2uL?) isthe deviation from the resonance, . | =
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e, o Mh, o /(ME o + Mh o) is the reduced mass
of the electron and the hole in the directions perpendic-
ular and paralel to the quantum well layers, and Eg is
the band gap in the absence of strain.

Substituting expression (2) into the formula for the
linear photoelasticity coefficient in a cubic crystal [1],
that is, Py, = —Ae,/[(€2;)2Uyy], where €); is the com-
ponent of the stationary permittivity of the layer consti-
tuting the quantum well (it is assumed that €, = €3, =

833 =¢g,, Where g, isthe stationary permittivity of abulk

crystal), we can estimate the photoel asticity coefficient
of the MQWS in the vicinity of the resonance between
the ground states of the electron and the hole in the
layer with a quantum well

2
MQWS _ nOs%? 0 AYSAY
Pun - = —AnQ > 0 <2 "
Pyl (e11) (a+is)

©)

Anaysis of the derived expression indicates the
importance of the factor (i’zznz)(Zu”Lf,)”z, which is
related to the MQWS period or, equivalently, to the
quantum well density Ng, in the MQWS (Nqw =
N/Lyows = VL, where N is the number of quantum
wells in the MQWS and Lyqws = NL is the MQWS
length in the direction perpendicular to the layers). This
is explained by the fact that, upon localization of an
electron and a hole in the layer with a quantum well,
this system can be considered an oscillator and the den-
Sity of these oscillators under resonant excitation
affects both the linear permittivity (2) and the linear
photoel asticity.

A comparison of relationship (3) and the photoel as-

ticity coefficient P};;; near interband resonances in a

bulk crystal resultsin the following relationship (for the
same deviations a from the resonance and the same val -
uesof s) [4]:

PMQWS 0 2 0 1/2
=0 g T[ZZD’(a+is) . (4)
P 2y, L0

Hence, we have Py\3"° > Piyy, for #i2r@/(2uL3) >
|a+is|. Relationship (4) is qualitatively similar to the
relationship between the photoelasticity coefficients
PY:=X and P}y, for the bulk exciton [5]:

1111
V, EX
Pllll
\%
1111

O[R/(a+is)]¥>.

Here, R = pet/(2¢2#2) is the energy of the ground exci-
ton state and | is the reduced mass of the electron and
the hole in the bulk crystal. Thus, the system of nonin-
teracting electrons and holes in the quantum well
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behaves as an exciton in which the spatial confinement

of the motion of the electron and the hole inside the

quantum well playstherole of the Coulomb interaction

localizing the electron and the hole together. Asfollows
MQWS V, EX

from acomparison of Py;;;  and Pjiq.
p'i"l(f\l’vs /2:|2/3 |:|3/2
V.EX (a+|s)D—D /RO
Pii1g H|I pLJ O
MQWS

the magnitude of Pj;;; = can significantly exceed

le . According to calculations for the standard
parameters, this is achieved with deviations from the

resonance when Py, has sufficiently large values.

For instance, P}13)'° ~—-0.51 for the GaAS/AL,Ga, _,As

sysemata~8meV,s~4meV, L, =309A (L=102A),
and PY;¢ ~—0.31.

Thus, the system of noninteracting electrons and
holes in a layer constituting the quantum well in the
MQWS can be considered an exciton-like oscillator in
which the localization of an electron and a hole in the
guantum well fulfills the function of a Coulomb inter-
action in the exciton. The enhancement of the fre-
guency dependence of the permittivity in the immedi-
ate vicinity of the resonance in systems of these oscil-
lators in the MQWS leads to an increase in the
photoelasticity coefficients as compared to the bulk
case. Thisincrease is quite essential and, under certain
conditions, can even exceed the resonant photoel astic-
ity near the resonance of a bulk exciton.

The multiple quantum well structures have recently
been applied to designing acoustooptic and el ectrooptic
devices for electromagnetic radiation modulation (see,
for example, [6]). The efficiency of acoustooptic mod-
ulatorsis primarily determined by photoel asticity coef-
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ficients. In this respect, the resonant behavior of photo-
elasticity coefficients, which is characterized by a sub-
stantial increase in their values, is of particular interest.
The experimental investigation of the resonant photo-
elagticity coefficients near interband resonances in the
MQWS can be performed according to the standard
scheme for determining the resonant photoelasticity in
bulk anisotropic crystals with the use of Brillouin scat-
tering, aswasdonein [7, 8].
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Abstract—Theintraband absorption of electromagnetic radiation by two types of nanostructures of cylindrical
symmetry—by a quantum cylinder (ring) and a quantum wire—is investigated. Analytical expressions for the
coefficients of absorption of high-frequency el ectromagnetic radiation by the electron gas of nanostructures are
obtained. It is shown that the absorption curve exhibits resonance peaks and that, in the case of a degenerate
gas, these peaks have breaks. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

One of the basic methods for investigating the spectral
properties of an eectron gas and the lateral-confinement
parameters of different low-dimensiond structures is
examination of intraband eectron transitions caused by
electromagnetic radiation. This type of examination is of
utmost importance for those quantum nanostructures
whose confinement may be modeled by a parabolic
potential, since, in this case, according to the general-
ized Kohn theorem, electron—electron interaction usu-
aly has no influence on the optical properties of the
system. It should be noted that, by means of a parabolic
potential, many low-dimensional structures can be
described. For example, in [1], it was shown that the
parabolic potential is equivalent to the potential pro-
duced by a positive charge uniformly distributed over
an infinite layer. In this case, the optical properties of
the system are independent of both the electron—€lec-
tron interaction and the number of electrons in the
layer. At the present time, progress in nanotechnol ogies
permits one to construct strained GaAs/GaAlAs layers
of various curvatures [2] and, in particular, to create
cylindrical surfaces exhibiting very interesting physical
properties[3, 4].

Another type of structure that can be described by
the model of parabolic potential is quantum wires.
Recently, the technology for production of high-perfect
semiconductor quantum wires with an arbitrary poten-
tial profile, in particular, with a parabolic confinement
potential, was elaborated [5].

Optical electron transitions in various quantum
nanostructures are now widely studied. In particular,
intraband transitions in quantum wells [6-8], quantum
wires [9], quantum layers [10], and arrays of antiwires
[11] have been considered. The hybrid phonon reso-

nance in a quasi-two-dimensional structure was exam-
ined in [12]. Multiphonon resonance was studied in [13,
14]. The optical properties of a quantum point junction
wereinvestigated in[15]. In[16], theinfluence of eectron
correlations on the optical absorption of a quantum
point was considered. The theory of magnetooptical
absorption by a parabolic quantum channel in a two-
dimensional electron gas was expounded in [17].

The aim of thiswork is to examine the absorption of
el ectromagnetic radiation by quantum structures of two
types in a longitudinal magnetic field, namely, by the
guantum layer of afinite thickness rolled as a cylinder
and by the quantum wire. Moreover, the absorption of
electromagnetic radiation by a quantum ring of finite
thickness, as the limiting case of the quantum cylinder,
was considered. Note that the applied magnetic field
can couple the motion along the field with that in the
transverse direction and cause hybridization of the
spectrum. This fact, in turn, can result in interesting
physical effects. In particular, asis shown below, reso-
nance absorption occurs at hybrid frequencies rather
than at the cyclotron frequency.

Since only the systems described by parabolic con-
finement potential are considered in thiswork, the elec-
tron—electron interaction is not taken into account here.
However, we note that the Kohn theorem is not true
for two basic cases: for multicomponent systems
(such as double quantum wells [18]) and for a non-
parabolic well [19]. In such systems, el ectron—electron
interaction can have a strong effect on the optical prop-
erties of electrons.

In our work, we examine the dependence of the
absorption coefficient I' on the radiation frequency w
for the structures mentioned above. In calculating I' (w),
we used the approach which was elaborated in [20, 21].
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Both the cases of degenerated and nondegenerated gas
are considered.

As is shown below, the frequency dependence of
electromagnetic radiation absorption is of the reso-
nance type. Note that the resonance absorption takes
place only if the broadening of electron energy levels
caused by temperature and scattering is sufficiently
small.

2. A QUANTUM RING OF FINITE WIDTH
AND A QUANTUM CYLINDER
OF FINITE THICKNESS

Wewill model athin quantum ring and aquantum cyl-
inder with thin walls by using the following approach. L et
us congder 2D-electron gas in a quantum channel with
parabolic confinement potential. If, in one of the direc-
tions, the periodic boundary conditions are imposed on
the electron wave function,

Px y) =Wx+L,y), (D

where L isthe channel length, we will obtain the model
of aquantum ring of finite width. In this case, the effec-
tive ring width coincides with the channel width, |4 =

JRIM* Wy .

By adding aterm describing free motion along the z
axis to the Hamiltonian, we can obtain a model of a
quantum cylinder of finite thickness.

Itisclear that the resonance character of the absorp-
tionwill take place only for thetransitionsin which dis-
crete spectral quantum numbers are changed (the pho-
ton polarization vector is perpendicular to the z axis).
Thisconclusion follows from the fact that the motion of
electrons along the z axis has no influence on the reso-
nance optica transitions. When the cylinder height
tends to zero, we have a ring whose absorption coeffi-
cient is the same as that of a cylinder, aswill be shown
bel ow.

For the cylinder, the Hamiltonian H, of one-electron
spinless states is of the form

1 e, Mgy’
Ho= smp-Ant—> @

where wy, is the frequency of the confinement potential,
m* is the effective mass, and p is the electron momen-
tum.

The gauge of the vector potential is chosen such that
A = (-By, 0, 0). Then, after imposing periodic boundary
conditions along the x axis, we obtain the energy spec-
trum of the quantum cylinder:

1 2
Eamp = ﬁQ%}+ U + an*, 3)

where Q = Jw? + w5, w, = |e|B/m*c is the cyclotron
frequency, A = 22wy /m*L2Q? is the energy of the
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dimensional confinement, p is the electron momentum
along the field direction, m= 0, 1, +2, ..., and n =
0,12,....

The wave functions corresponding to the energiesin
Eqg. (3) can be written in the form

N S .-
e = o PO R

mx 1 w,l?
xexpEI ”[I_ +QR E}

(4)

Here | = JA/m*Q, L = 2R is the channel length and
d,(X) are the oscillator functions.

In the case of a nondegenerated gas, in the first-
order perturbation theory with respect to the constant of
electron—photon interaction, the absorption coefficient
isdescribed by the following expression, which follows
from [20]:

o - 211/g(w) [1_ pgﬁwg}
chN; uTd

5
X3 > folemnp)|E, 0, plHgIM, 1, plf ©

m,n, pm,n’, p

x 6(smnp - sm'n‘p' + h(*))1

where g(w) is the real part of the permittivity, f is the
wave vector of the photon, fo(€ ) isthe electron distri-
bution function, N; is the number (per unit volume) of
photons of frequency w, and the factor (1 —exp(—hw/T))
allowsfor stimulated photon emission.

The normalization constant of the distribution func-
tion in Eq. (5) isfound from the condition

> Y [0 Emp)dp = N. (6)

m=—-oon=0_g

Y4
21th
Here, N isthe number of eectrons per unit volume and

L, isthe cylinder length along the z axis.

Hence, the distribution function f 8’" (Emmp) takesthe
form

fo _ __ 4ATiNSinh(kQ/2T)
o -

A2TIm* TL,O4[ exp(—A/T)]
()

1D p® 10
xexpD—T[hQEH +Am’ + Zm*}%
where ©5(X) is the Jacobian theta function.

L et the direction of the photon polarization be coin-
cident with the direction of they axis. Then, the opera-
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tor of the electron—photon interaction is written in the

form
ieh [2TAN; 0
Hi = .
R m* A g(w)w oy ®
In the dipole approximation, the square of the modulus
of the matrix element of Hy is easily found to be

242
o of = B TN
|, n, p|Hg|m', ', p[]]z = m*2|2%(w)w%m’m'6p’ pv(g)

+1 n
x g-]Tan n'—l_één, n'+1g

Asisevident from Eg. (9), only transitions between the
neighboring levelsn' = n £ 1 are possible in the dipole
approximation.

Substituting Eqg. (9) into Eq. (5), we obtain the
absorption coefficient:

s _ o me [f1—exp(—hw/T)
Fcy(oo) = Zﬁﬂmm co. /(@)

©  w (10)
x Z Z f6 Emo)[(n+ 1)3(00— Q) —nd(w + Q)].

m=—-on=0

From Eq. (10), it isclear that the transitions occur at the
resonance frequency w = Q.

To take into account the resonance broadening due
to electron scattering, we replace the delta-function
peaks by the Lorentzian

5, = TLTZE—:)XZ (11)

Here, T is the phenomenological relaxation time. After
substitution Eq. (11) into Eq. (10), we obtain

ANOme (f  1—exp(-hw/T)
cotm*It 2 [e(w)sinh(£Q/2T)

(o) =

(12)

()™

- —hQJ2T) |.
oo )}

Taking into account that the probability of the spon-
taneous emission of photons is exponentially small
and the hybrid frequency is sufficiently large (A Q > T),
we drop the exponentially small terms of the order of
eXp(—-hw/T) and exp(-AQ/T) in Eq. (12). In this case,
we obtain the estimation

w _ Q 1
Mo ®14%(0w-0)°

(13)
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where

_ _ &Nt
° A/ &(w)cm*
As is clear from Eq. (13), there is a unique reso-

nance at the point w = Q which corresponds to the tran-
sition between the neighboring hybrid levels.

For a degenerated gas, the expression for I'(w) can
be obtained from the initial expression (10) by formal
replacement of fo(€nyp) BY fo(€Emp)[1 — fo(Emnp + 7).
Here, fo(€mp) IS the Fermi distribution function.

Therefore, for the absorption coefficient of the
degenerated gas, we obtain the estimation

Q 1

r (14

oyl _
r (Q)) - (-01 + '[Z(Q)—Q)ZVO(Q)), (15)
where
yo(m) — 2]-[—62-[
m* c./€(w)
(16)

x z fo(emnp)[l_ f0(8mnp + h(*))](n + 1)

nmp

and the normalizing volume is taken to be equal to
unity.

Asisevident from Eqg. (15), the response of the el ec-
tron gas to the perturbation produced by the electro-
magnetic radiation includes two factors. The first of
them refers to the resonance peak in the curve I' (w) at
the point w= Q. The second one y,(w), aswill be shown
below, is responsible for the breaks on the resonance
curve.

The dependence I'Y'(w) for the nondegenerate gasis
shown in Fig. 1. As follows from the resonance condi-
tions and Fig. 1, the peak location in the curve I (w)
depends on the magnitude of the magnetic field.

In the case when the cylinder height is small
enough, the wave function and the spectrum of the one-
electron states have the form

1 imx
P = FROPIR

2
[+ 2o, an

E, = hQEw+%E+ AN, (18)

where ¢(2) is the part of the wave function that
describes the motion along the z axis.

This case corresponds to a thin quantum ring of
effective width ,/A/m* w, . For the case of a nondegen-

erate gas, the expression for " is the same as the
expression for Y, as was indicated above.
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Absorption, in units of [
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Fig. 1. Absorption coefficient of the quantum cylinder as afunction of the frequency of the electromagnetic radiation and the mag-
netic field in the case of a nondegenerate gas; wyy = 1.5 x 1013 s and 1 = 10?5,

3. ABSORPTION COEFFICIENT
FOR THE QUANTUM WIRE

Now, we consider the quantum wire of a circular
cross section in alongitudinal magnetic field character-
ized by vector potential A = (—yB/2, xB/2, 0). The con-
finement potentia is assumed to be the sum of two par-
abolic potentials of the same characteristic frequencies.
The spectrum of the parabolic quantum wire has the
well-known form

hw,

70 2
Emnp = 2 P

m+ L2 an+ jmi + 1) + £,

wherem=0,%1,+2,...;n=0,1, 2, ...; pisthe momen-

(19)

The absorption coefficient of the wire can be found
with formula (5) by replacing €y, With Ep.

L et the direction of the e ectromagnetic wave polariza-
tion be coincident with they axis. Then, the operator of the
el ectron—photon interaction can be written in the form

H. = _iiﬁ 21AN; 10 _LXD
R mgwoldy 220

where IZB = cfi/ |e|B. By passing to the cylindrical coor-
dinates, we obtain from Eq. (21)

b = iefi [2ThN;
R mi g(w)w
i
12

(21)

tum along the field direction; and Q = /o + 4wg , Wy (22)
is the frequency of the parabolic potential. x E]%ind)i + cosp 9 _ pcosq)D
In the cylindrical coordinates, the wave functions op P 0% 22 =
]E:grrrrn&pondl ng to the energies in Eq. (19) are of the The matrix elements of Hy, are of the form
- 1 p0Pg i i, n, plH I, ', pO= 22 /2_nﬁNf
Im, n, pO ﬁexpmﬁ Hexp(lmq))Rm,n(p), (20) N, pIHRIM, ', pU= 5= SO
d . m p
where Ry o(p) = CrnpMexp(-pZ4I5) L1 (p71215), " [6m'”*”< e oe e T > )
B
L‘r:"‘ is the Laguerre polynomial, I, = JA/m*Q, and o . m p
+6mm’— Rmn_"'___Rm'n' i|6 -
Cop = (WM™ 1y Jn112™ (0 + m)! ' l< lop P22 ™ > PP
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Thequantitiesthat aremultiplied by &, .1 @d &y, 11N
Eq. (23) are conveniently calculated separately. Since
the modulus of m is contained in the expression for
Ry n it is necessary to consider three cases: m = 1,
m < -1, and m= 0. After long mathematical manipula
tion, we obtain expressionsfor the squares of the matrix
elements of Hy (see Appendix).

First, let us consider the case of a nondegenerate
electron gas. After calculating the normalizing constant
by using a condition similar to Eq. (6), we obtain

fwire — 4TtAN %: Shﬁ—Q— ﬁwc[l
° 2L, 2T (29

X eXP(—Emnp/T).

It is convenient to represent the expression for the
absorption coefficient as a sum of three terms,
MWire(w) = MM + 1O + 1O, where F® corresponds to
the case of m= 1.

M =AY ()| (M52

m, n, p

x6%1)+ (w, +Q)g+(n+1)q2+lﬂ2

x 5o + %(%—Q)E'* 4(m+1)°

Z A1 (n+ m)! [B(n'—n)_(—l)”}z
n(n'+m+1)! 12 2

g

(25)

1 1 -
x 8o-Q(n —n) — 5(w, + Q)E},
and I corresponds to the case of m< —1:

r() = A z fO(Esnp)|:(5+n)q2 1|:F

s, n, p

<o+ 3 -0+ (-2 W

x 80— 3(0+ Q)T+ 4(s+ 1)°
< _nn+s) [e—n) (1"
Zn!(n'+s+ 1)! 12 12

x 80— Q(n'—n) + %(wc—cz)g]

(26)
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Here, s = |m|, Eqy, = AQ(N + 1/2) + A(Q — )2 +
pA/2m . Finally, T corresponds to the case of m= 0:

0 g
r” = 4A'S fo(Eop) +1{% + = I1) -

n,n,p

1
X B—5(e, + Q) - Q(n'~ n)D+% " e
1 .
x 5o + 5(w,~Q)-Q(n —n)%}.
In Egs. (25)—27), we introduced the notation
2212 —hw/T
Aw) = rethli(1-e )’ 8 = Epl’ x>0
2m*2c./e(w)w , x=<0.

Asfollows from Egs. (25)—(27), there are four kinds of
resonance points:

QFw, QFw,
= +Q(n'—n
2 ) w3,4 2 ( )1 (28)
n'>n.

Wy =

Let usrearrange the termsin M"¢(w) according to their
behavior at the resonance points. As aresult, we obtain
rwie=r@®+r@+r®+r®, wheretheterm containing

the singularities of the first type has the form

r<”=A[z O(Emnp>(n+1)q2 20

m,n, p
nf
+4Y To(Eap)(s+1) % S0t o9
sn,p B
+4ZfO(E0np)n11% A }5%”‘”07‘9%

while the term containing the singularities of the sec-
ond type has the form

r® = A[Z fo(Esnp)(rH1)5%—%2%Z
0 B

sn,p
o
r4 3 faEme 0 -G s o
mn, p B
+4Zf0(50np)n11% Y }68@—#%
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The term having singularities of the third type is of the
form

r® = 4A{Zf0(E3np)(s+ 1)? Z % = |1) D2

O

snp n >n B

+ n'l(n+s)! + Z (31)

n(n'+s+1)!

nn>n,p

nf
x;ﬂ (Il) D}agp W — Q—Q(n—n)D
0 B

1
fO(EOnp)m

and, finally, the term having singularities of the fourth
typeis of theform

ity

mnp n'>n

(32)

ni(n+m)! Z £ o( Eong) i

n(n'+m+1)! n+1

nn>n,p
—:I-)nl[f W+ Q ' 0
ik + CD 50— 222 oy )
TFE D} S =

Note that, in F® and '™, the inequality n' > n is ful-
filled, since w, < Q.

In thevicinity of aresonance point, where wis such
that (20w F w, — Q)/2Q is an integer, the dominant con-

tribution to '® and r'® comes from only one term in
the sum over n'. We introduce the notation

NE = [M} (33)

2Q

where plus corresponds to I'®, minus corresponds to
™, and the integer part of the variable x is denoted by
[X]. Then, n' can be written asn' = N* + n.

In order to take level broadening into account, we
replace the delta-function peaks by the Lorentzian
0. (Awy), where Aw, = w — w is the resonance detuning
(i=1,234).

After substituting the distribution function (24) into
Egs. (29)<32) and dropping the exponentially small
terms of the same order asin Eq. (12), we obtain afinal
expression for M'e, For the term containing the reso-
nance points of thefirst type, we obtain
__4 |:ng”(5+1)%[ o) Dn+s+1

(34)

_1) (*)c|:| 1 i| 1
Q Un+1l1+ 3 (w-w)?

+ ngn%l_(
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For the term contai ning the resonance points of the sec-
ond type, we find
l)anDZ 1

(-
[zgmn(mﬂ) 3~ Drrusi

(35)
(1" 1 1
+Zg°“%[+ Q Dn+1} 2

I—(2)

1+ (w-0,)°
The term containing the resonance points of the third
typeis of theform

r®_,0 D))" o,

- {zgsn(sﬂ) O +—5

y (n+N)!(n+s)! +zg 1

ni(n+ N +s+1)! N+

ooo,,

(36)

+ 2
O (-D)""VO
U

[l .
Q  Ol1+ti(w-w)’

Finaly, for F®, we obtain

- 2
r _ (1" oo

m(m+1 [11— O
T {Eg (m+1)° o -

x(m+ 1) (n+N)!'(n+m)!
ni(n+m+N"+1)! +Zg(’“m -
n+ N~ 2
(_1) mc5:| 1

Q  gli+t(w-w)®

O
X[+
OJ

Here, g, = exp[—(f(w, + Q)m + 2AQn)/2T], gq, =
exp[—(A(Q — wy)s + 2AQn)/2T], w;, = (Q — w)/2, w, =
(Q+ )2, w3 = QN* — (. —Q)/2, and wy, = (Q + w)/2 +
QN-.

Thus, in the case of a quantum wire, the resonance

points are given by the common formulaw=Q(k + 1/2) +
w/2, wherek=0,1,2, ....

The M) dependence for the case of anondegen-
erate gasis shownin Fig. 2.

In the case of a degenerate gas, it is convenient to
write the absorption coefficient in aform similar to that
in the nondegenerate case. To do this, we transform the
integral over the momentum in I'(w) into a series by
summing the residues at the simple poles:

L,
ﬁIfO(Emnp)[ 1- fO(Emnp + ﬁw)] dp

m*Texp(—hm/ZT)I
8h sinh(Aw/2T) ™

(38)
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Fig. 2. Absorption coefficient of the quantum wire versus
thefrequency of the electromagnetic radiation in the case of

anondegenerate gas; wy = 1.5 x 1013 s, 1=5x 10?5,
B=15T,and T=100K.

where

| — Z (u_emn)/T
" A (e YT+ (2K + 1))

3/4

(39)
(I-'l —&mn— ﬁ(}))/T

(M=~ AW)T? + TP(2k + 1))

3/4 |"

Note that Eq. (38) istrue only a T > 0 because of the
method by which it was obtained. In this case, the absorp-
tion coefficient Te=T® + @+ + 4 jsof thesame
form asin the nondegenerate case, if 'y in Egs. (34)37)

is formally replaced by 'y and g, is replaced by I,
where v, = TrL,€?./m* T /16./2 m*c./e 4.
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Fig. 3. Absorption coefficient of the quantum cylinder ver-
sus the frequency of the electromagnetic radiation in the

case of adegenerate gas; wy = 101354, 1=101%5, B=1T,
T=0K,andp =10 erg.
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4. DISCUSSION

In this work, we obtained relations for the absorp-
tion coefficients of high-frequency electromagnetic
radiation for a number of quantum nanostructures with
a parabolic confinement potential, namely, for a quan-
tum ring of finitewidth, aquantum wire, and aquantum
cylinder of finite thickness. For each of these structures,
the absorption curve has resonance peaks due to transi-
tions between certain electron energy levels. In the
cases of aquantum ring and quantum cylinder, thereis
only one resonance point w= Q inthe I (w) curve asso-
ciated with electron transitions between neighboring
levelsn — n + 1. The transitions accompanied by a
change in quantum number m are forbidden. Note that,
in the case of a nondegenerated gas, the absorption
coefficients for the ring and the cylinder are the same,
which is because the motion of electrons along the z
axis has no effect on the relevant electron transitions.

In the case of a quantum wire, the situation is much
more complex: in the dipole approximation, only the
transitions accompanied by a change in both quantum
numbers, m and n, take place. In this case, as follows
from the relations for g,,,(w) and gs,(w), the peaks of
the largest amplitude are located at the resonance fre-
guencies (Q + wy)/2 and (Q — w,)/2. The amplitude of
the peaks at the frequenciesw = Q(k + 1/2) + w/2 (k=
1, 2, ...) decreases abruptly with frequency growth
(Fig. 2).

From the above discussion, it follows that a series of
peaks arises in the "'(w) curve, which, in the genera
case, have a doublet structure, with the spacing
between doubl et components being equal to w, (Fig. 2).
The doublets are located periodically with the period
Q, and the peak height decreases dramatically with w
increase. Note that, at the frequency Q = 2w, the dis-
tances between the peaks are the same, and, therefore,
thereisno doublet structure. Asisclear from Fig. 2, the
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Fig. 4. Absorption coefficient of the quantum wire versus
thefrequency of the electromagnetic radiation in the case of

adegenerate gas; wy = 1.5 x 108 s, 1=5x 10?5 B=
15T, T=0K,andpu =103 erg.
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doublet components are asymmetric. The existence of
resonance is independent of the type of electron statis-
tics, and, therefore, the expression for the absorption
coefficient in the degenerate case has the same reso-
nance points as in the nondegenerate case. However, in
the case of a nondegenerate gas, there can be singular-
ities resultant from gas degeneracy; in this case, there
are breaksin the I (w) curve. Thisis because, at a suffi-
ciently low temperature, only electrons of an energy E
higher than the threshold energy (E > E;, = 1 — W) take
part in the absorption. For this reason, when the photon
energy 1w becomes such that theline L —#w crosses an
energy level of the discrete spectrum, there occurs a
sharp jump in the density of states, and, as a result, a
break appears. Note that the breaks are best-marked
only in the resonance region. These breaks can be seen
on the I"'(w) curves presented in Figs. 3 and 4 for the
cylinder and the wire, respectively.

For the cylinder, it is easy to estimate the peak
height. At the resonance point, we have w = Q, and,
therefore, (F') .« = . Note that the peak height does
not depend on the magnetic field and temperature in
this case. We also note that, for the wire, the spacing
between the doublet components increases with field
growth.

The characteristic feature of the resonance of this
type, in contrast with the usual cyclotron resonance, is
that the resonance peaks can occur at zero magnetic
field. The reason for thisliesin the hybridization of the
magnetic and dimensional quantization. Asaresult, the
formula for the electron energy levels contains the
hybrid frequency Q in place of w,. Therefore, the dis-
tance between the levels can be sufficient for the reso-
nance to exist even in the limit of zero magnetic field
under the condition, of course, that the dimensional
quantization is sufficiently strong.

APPENDIX

Here, we present the sgquares of the perturbation
matrix elements calculated for different values of m.

()m=1

C a2
|mn!na pIHR|m1n1pm2 = D 6pp 206mm+1

<[+ mEE - 5Ho,+ (1 D + 555

Q2

2
+ 201000 m-1

nn-1

(A.D)
n''(n+m)!
n(n'+m+1)!

x {e(n'—n) _(—1)”}25

2
lo I g

(m+1)?
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(2) m= -1 (s=|ml)
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Abstract—The mechanisms of the occurrence of self-induced and selective transparencies of semiconductor
superlattices in a strong time-dependent electric field are investigated. The association of these mechanisms
with Bloch oscillations, dynamical localization, and collapse of electron quasi-energy minibands is analyzed,
and acomparison with the properties of Josephson junctionsis made. It is shown that the self-induced transpar-
ency isdueto the fact that the current-contributing component of the electron distribution function is destroyed
by collisions at discrete values of the amplitude of the time-harmonic field, while the selective transparency is
associated with the nonmonotonic dependence of the spectrum of nonlinear electron oscillations in the electric
field on the amplitude of the field. The dynamical localization and collapse of quasi-energy minibands lead
to the field energy dissipation and are favorable to destruction of the transparency states of the superlattice.

© 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

An important property of semiconductor superlat-
tices (SSLs) isthe occurrence of electromagnetic trans-
parency of three types, namely, self-induced (SIT) [1,
2], induced [1, 3], and selective transparencies[1]. The
SIT in an SSL was apparently first observed in [4], but
more conclusive experimental evidence for its occur-
rence was provided in [5]. Observations of the induced
and selective transparencies in SSLs have not yet been
reported in the literature. After [1-3], a number of the-
oretical papers were published [6-9] in which attempts
were made to physicaly interpret the transparency
effectsin SSLs. Based on those papers, it iserroneously
believed that the transparency of SSLs is identical to
the dynamical localization (DL) of electrons[6, 9]; i.e.,
it isamacroscopic manifestation of thislocalization or,
in quantum-mechanical terms, it is a consequence of
the collapse of quasi-energy minibands [8, 10]. Unfor-
tunately, this misinterpretation is sometimes drawn on
when discussing experimental data on the nonlinear
effectsin SSLs[5, 11] and considering nonlinear trans-
mission of terahertz radiation through these media[12—
14]. It is not surprising that the authors of the papers
mentioned above arrived at conflicting conclusions, as
was indicated with good reason in [15]. The authors of
[8] aso showed that the collapse of minibands cannot
cause the SIT to occur in an SSL, but they made the
erroneous inference from this that the SIT does not
occur at all.

In this paper, we develop a consistent theory (in the
T approximation) of the transparency effects in SSLs,
elucidate the mechanisms for the occurrence of the
transparency, and make a comparison with Josephson
junctions.

1. GENERAL PROPERTIES
OF BLOCH OSCILLATIONS

We start from the dispersion relation for an electron
in the SSL derived in the tight-binding approximation:

£(k) = S(1-cos(i) + 22 M

where A isthe miniband width; disthe SSL period; 7iks
and 7k are the longitudinal and transverse (relative to
the SSL axis) components of the electron momentum
ik, respectively; misthe transverse electron mass; and
f isthe Planck constant. Let us consider the dynamics
of such an electron moving in atime-harmonic electric
field directed along the SSL axis:

E(t) = Eycos(wt). 2

Nonlinear oscillations of the superlattice electron in
thisfield are characterized by the velocity

V(Kg, to, t) = Vpsin[kod + g(sin(wt) — sin(wty))]

3
= VilCs(Kor to) W(t) + Ca(Ko, to) Wa(t)], ©
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where

WD) = cos(gsin(wi))
= 3@ +2 Y Ja(g)cos(2nw),

W,(t) = sin(gsin(wt))

[

= 2% Jan-a(@)sin((2n-1)wt),

n=1

CoKo, to) =
Ca(Ko, to)

V= Ad/2# isthe maximum longitudinal velocity of the
electron, kg is the longitudinal electron momentum at
timet,, g = Q/w, Q = eEd/#, J,(g) isthe Bessdl function,
and eisthe electron charge. It isknown that, in astatic
field of any strength E, an electronislocalized in space
and performs periodic Bloch oscillations (BO) no mat-
ter what its dispersion relation and initial momentum
ko. These oscillations have a Stark frequency Q¢ =
eE-d/A [see Eq. (3) for w— 0] and amplitudes oV =
V,, = const and &x = dA/AQc. Theinitial momentum k
determines the initial phase of the BO. Collisions do
not affect the BO energy (time-averaged kinetic elec-
tron energy), but change the position of the center of the
oscillations (and, hence, the average potential energy of
the electron). Thetime-harmonic field has aphase of its
own and two characteristic times, namely, the period
21w and the electron transit time over the Brillouin
minizone (the latter time is determined by the ampli-
tude of the harmonic field). For this reason, Bloch
oscillations in a harmonic field (BOHF), described by
Eqg. (3), possessthe following properties, which are dif-
ferent from those of BO in a static field:

(1) The motion of the electron in the momentum
space is independent of its dispersion relation and is
periodic, with its period being equal to that of the elec-
tric field 2w, Bragg reflections from the minizone
boundaries do not lead to an additional period (in con-
trast to the case of a static field); they merely modulate
the electron oscillations within a field period. There-
fore, the BOHF spectrum contains only harmonicswith
frequencies which are multiples of the field frequency
and the amplitudes of the harmonics depend nonmono-
tonically upon the field amplitude.

(2) The electron localization in real space occurs
only at discrete values of the field amplitude (see
below).

(3) The initial momentum k, determines the time-
averaged energy and velocity of the electron, i.e., the
two BOHF amplitudes, ¢cg and c,, of the packets of the
even (Yg) and odd (Y,) velocity harmonics, respectively
(asisthe case with atwo-level system). The amplitudes
and “eigenfunctions’ of the packets Y5 and ), are

(4)

sin[kyd —gsin(wt,)],
cos[kod —gsin(wty)],
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related by the normalization conditions ¢ + ¢2 = 1 and

W3 (t) + WA (t) = 1. The phases of the BOHF harmonics

are determined, to within a multiple of 11, by the phase
of the field. Collisions affect the amplitudes c5 and c,,
the kinetic energy, and the position of the BOHF center
and destroy its low-frequency harmonics. When wt >
1, the BOHF can be thought of asalong-lived quasipar-
ticle (spin) with two vibrational degrees of freedom.

(4) From the last property, it follows that, in atime-
harmonic field with wt> 1, all the even and/or odd har-
monics (rather than some of them) in the macroscopic
current can simultaneously change and even disappear
because of collisions.

If the SSL is placed in a combination of atime-har-
monic and a static biasfield

E(t) = E¢ + Ecos(wt), ()
then, instead of Eq. (3), we will have
V(ko t) = V,sin{kyd + Qc(t —tg)

+glsin(wt) —sin(w)]} =V H (@) (6)

n=-o

x sin{ kyd + Q(t —ty) + nwt —gsin(wty)} .

From Eq. (6), it is seen that the static field shifts the
BOHF spectrum as awhol e by the Stark frequency Q,
but the harmonic amplitudes remain unchanged [in
Eqg. (6), the positive and negative frequencies are not
considered identical for the sake of convenience]. This
shift can be conveniently thought of as the amplitude
modulation of BOHF in the time-harmonic field (2) by
Bloch oscillations [see Egs. (3) and (4), with k,d being
replaced by kyd + Qq(t —ty)]. For an arbitrary E., the
BOHF are not periodic, because their spectrum con-
tains only harmonics with incommensurate frequencies
Q¢ £ nw. However, since E has no phase of itsown, the
Stark frequency shift isdestroyed when its phaseisran-
domly changed by callisions (i.e., by amplitude modu-
lation with a random phase). For this reason, only har-
monics with frequencies nw will be in the steady-state
macroscopic current (see below). In this case, as
before, the spectra of oscillations (BOHF) of individual
electrons will contain only combination frequencies
and no field harmonics. In the Stark resonance Q¢ = nw,
the BOHF become periodic again. Periodicity of the
trajectories in k space and of the velocity oscillations
also takes place in amore general case where Q- and w
are commensurate, N;Qc = n,w, wheren; , =1, 2, ....
In this case, the oscillation period is T = 2n; 17w (n,/n;
isnoninteger); that is, it becomes n, timeslonger. How-
ever, this new periodicity is destroyed by collisions.
Thus, dueto collisions, the static field, even in com-
bination with a time-harmonic field, cannot induce
steady-state current oscillations in the SSL, in contrast
to the case of Josephson junctions. There is also no
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analogy with the behavior of a magnetized electron
plasma[16], since the magnetic field (in contrast to the
electric field) does no work.

2. THE SPECTRUM OF BLOCH OSCILLATIONS
AND DYNAMICAL ELECTRON LOCALIZATION

Let usinvestigate the BOHF spectrum as a function
of the dimensionless amplitude of the harmonic field g.
We consider the zeroth harmonic first. It is easily
shown that, for any dispersion law, the relative time for
which the electron occupies the states with awave vec-
tor k5 being within aunit interval is

Plko, k) = %T[u S Jv)cos[v(ks —kp)d] | (7)

From Egs. (3) and (7), we find the following quantities
averaged over aperiod of oscillations (for t, = 0): veloc-
ity (zeroth BOHF harmonic), energy, squared vel ocity,
oscillating velocity, and oscillating displacement:

V(ko) = Visin(ked)Jo(9), (8)
€(ko) = %[1—COS(kod)Jo(9)], 9
Vilk) = SVal1-cos(2kd)If29)],  (10)
2 _ L2
AL (11)
x {1 - J§(g) + cos(2k,d)[ J5(0) — Jo(20)1}
, .
= 29%“% [sinz(kod) S (207359
net (12)

+ cos? (kod) Y (2n+ l)‘zJim(g)},
n=0

respectively. In the case of t; # 0, the quantity k,d
should bereplaced by k,d —gsin(wty). If thefield ampli-
tude is such that J,(g) = 0, we will have
— - A
V(ko) =0, &(ko) = i (13)
that is, the motion of the electron in such afield isfinite,
no matter what the initial electron momentum [6]. In
the case of finite motion, the electron has a discrete
energy spectrum, which is manifested by the collapse

of the one-dimensional quasi-energy miniband of the
electron:

E(k) = 211-Ju(g) cos(k,d)] + fico ”

n=20=1=+2 ..
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at Jo(g) =0[8]. Interms of classical and quantum the-
ories, thisis called dynamical localization (DL). This
effect is purely classical in the one-miniband approxi-
mation. Its quantum-mechanical treatment both in the
Wannier representation [6, 9] and in quasi-energy terms
[8] revealed no new features.

At Jy(g) = 0, the v = 1 harmonic disappears in the
spectrum of the average momentum distribution in
Eq. (7). Thisisthe only harmonic that contributesto the
average electron velocity in the case of the dispersion
law given by Eq. (1). Severa (even two) harmonics
with different v cannot disappear simultaneously.
Therefore, the DL in a time-harmonic field can occur
only in the case of a harmonic dispersion law. It can be
shown that, in this case, the DL can aso occur inamul-
tifrequency (in particular, biharmonic) field. For an
arbitrary dispersion law, the DL can take place only in
amultifrequency field.

Now, we consider the other BOHF harmonics. From
the expressions for the eigenfunctions ig(t) and W,(t),
it follows that, as the field amplitude increases, the nth
harmonics (among them the zeroth one) corresponding
to the zeros of J,(g) disappear in turn in the electron
oscillation spectrum irrespective of kg. In the absence
of collisions, this will lead to the disappearance of the
nth harmonic in the macroscopic current for any initial
electron distribution function, that is, to selective trans-
parency. In contrast to the SIT, the selective transpar-
ency is determined by the electron dynamics alone and
is independent of the momentum distribution of elec-
trons. The DL, which implies the disappearance of the
zeroth harmonic in the electron oscillation spectrum, is
aspecia case of selective transparency.

Asindicated above, in afield containing a static and
atime-harmonic component [Eq. (5)], the BOHF spec-
trum is shifted by the Stark frequency [see Eq. (6)].
Therefore, the DL occursat any gif Q¢ # vw. However,

the periodicity of motionink spaceisabsent and V (ko)
vanishes only after its averaging over an infinitely long
time interval. In the Stark resonance (Qc = vw), the
BOHF periodicity is restored and the quasi-energy
spectrum and the average quantum-mechanical veloc-
ity of the electron are given by

e(ks) = %[1—(—1)VJV(9)COS(k3d)] +nhw, (15

10e
hoks,
In this case, the DL and the collapse of quasi-energy
minibands occur only if the BOHF spectrum does not
contain the vth harmonic a E; = 0, i.e, if J,(g) = 0.
Otherwise[at J,(g) # Q], the electron is delocalized and
jc # 0. This provides further support for the view that
the DL and the collapse of the quasi-energy miniband

are an important, but no more than specific, case of the
selective transparency associated with the nonmono-

Viky) = = (=1)"sin(ked) J,(9).- (16)
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tonic dependence of the BOHF spectra on the field
amplitude.

The quantities given by Egs. (8)—(12) depend on the
initial electron momentum, which is not convenient for
their analysis. For this reason, we average Egs. (10)—
(12) over k, and obtain, for an “average” electron, the
expressions

- ol v2 = 2 xyg),

DS 0 2 17)
V2 = 2Va[1- 359,
where
Bg) = Y n"Ji(9). (18)
n=1

It is seen from Egs. (8), (10), and (17) that the mean
square velocity of the “average” electron, which con-
tains the oscillating and constant components, is inde-
pendent of the field amplitude (g > 0); the value of this
velocity is merely redistributed between its compo-
nents as g is varied. When Jy(g) vanishes, the transla-
tional motion of the electron entirely transformsinto an
oscillatory motion. In this case, the oscillating velocity
ismaximal, the amplitude of the coordinate oscillations
islarge, and the average energy equals A/2 for any val-
ues of k, rather than for an “ average” electron only (this
is a consequence of the collapse of the quasi-energy
miniband). The last feature is important, because it
implies that all electrons are on equal terms in colli-
sions and in energy exchange with the field.

Thus, when the DL and the collapse of quasi-energy
minibands take place, the energy exchange between
individual electrons and the field is the most efficient
and the electron oscillation amplitude is the largest.
From this, it was erroneously concluded in [8] that
thereisno SIT in the superlattice in this case (this con-
clusion is true for Josephson junctions). Indeed, the
large oscillating vel ocities of some electronsdo not sig-
nify that the macroscopic current is large, since the
electrons move incoherently because of collisions. One
might expect just an increase in the absorption of the
electromagnetic field, because this effect is incoherent
in the given-field approximation.

2. SELF-INDUCED AND SELECTIVE
TRANSPARENCIES

We start from the Boltzmann equation with the col-
lision integral taken in the T approximation:
of(k, ) , eEMaf(k, ) _ _f(k, )~ To(k)
ot h 0k T ’
f(k,t) = fok),

(19)
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where f(k, t) and fy(k) are the nonequilibrium (per-
turbed by the field) and equilibrium electron distribu-
tion functions, respectively, and T isthe relaxation time.
Since the distribution function is periodic in k space, it
can be expanded in a Fourier series:

[

fl, ) = % Fulko)exp(ivksd)dy(b),

Ve (20)
®, = O*,
where
_d r
Fulkd) = o7 [ foep(-ivkedidks,
—1/d
F, = F~,.

From Egs. (19)—<21), it follows that the multicompo-
nent function @,,(t) satisfies the equation

dq;f[( ) +[1L+iviQ®)] @, 1) = 1,
22
Q) = e___di(t) )
with theinitial conditions
®,(0) = 1. (23)

Given @,(t), one can find all average quantities (energy,
velocities, current, etc.):

et) = z E(-V)P,(1), (24)
it = ‘Qzljwd:v(t) roc, (29
where
jou = —2ineVs(—v) = —2nedfi "vE(-V)
4ed 3k (26)

= _ —VIFV(kD)s(k) exp(lvkgd)(

and n is the electron concentration. For the dispersion
law given by Eq. (1), we have from Egs. (24) and (25)

endA

i® = =lolm(®uD), Jo = S5 - Ealg (D)

e -5 = Fra-SRe(@,0),  (29)
where [E;[] is the average equilibrium longitudinal
electron energy and fy(k) is assumed to be a symmetric
function. We will refer to the momentum harmonicsin
the distribution function that make a nonzero contribu-
tion to the current as current-contributing harmonics.
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In the case of an arbitrary time dependence of the
field E(t) and an arbitrary electron dispersion law, we
conveniently separate the BOHF by representing ®,(t)
in the form

(1) = a0, (29)

where

t

U U
byt = [W,®)]" = eXpE)-ivIQ(tl)th (30)
S O

is the BOHF eigenfunction that is a solution to the
kinetic equation (22) without the collision integral and
describes the dynamical (i.e., collisionless) modulation
of the electron distribution function caused by the field.
For atime-harmonic field, we have

Wa(t) = Wy(t) —iwL(t),

where 4t) and P,(t) are defined in EQ. (4). The dissi-
pative function a,(t) describing the changes in the
amplitude and in the spectrum of the vth momentum
harmonic of the distribution function caused by colli-
sions (i.e., the departures from the BOHF expressions)
satisfies the equation

(31)

a) + 1t al) = TP). (32)

A solution to this equation has the form

t
_ oto Ot=ti, «
a(t) = Pu(0)exp+ [P HIl (t) . (39
0

In the absence of collisions, we have a,(t) = 1. Passing
over from @, (t) to a,(t) implies that we go over to a
generalized quasi-momentum representation, i.e., to a
new frame of reference K, that oscillates synchro-
nously with a collisionless electron in the momentum
space. For each electron (or, more precisely, for each
mode of BOHF), there is a fixed point k, in frame K.
The distribution of these pointsis changed only by col-
lisons. If collisions are of infrequent occurrence, the
changes over afield period are small, but the changes
caused by severa collisions can accumulate. At the
same time, the equilibrium distribution function in
frame K, is modulated by the field (dynamical modula-
tion) and becomes a periodic function of time:

o 1 0
folks) = fom(o—‘IQ(thtlm
o d 0
] ° (34
= z Fu(ko) exp(=ivksd) Wy (t).

V = —0
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This is reflected in Eq. (32), where the second (l0ss)
term corresponds to usua relaxation, while the gain
term is a dynamically modulated equilibrium distribu-
tion function. This description enables one to go
beyond the t approximation by introducing matrices
(™), that alow for transitions between different
momentum harmonics v (see below).

If the BOHF are high-frequency, that is, the spec-
trum of these oscillations contains only frequencies w =
0 and w > 17, they are weakly affected by collisions
[see property (3) in the preceding section]. Averaging
Eg. (32) over thetimeinterval w < At < 1yields

a() = @O expH]
(35)

O t0)g* nlo
+ [1— expD—%D}qu(t) + OE&ED

From Egs. (32) and (35), it follows that, when ¥ (t) =
0, the electrons do not return to the vth statein the aver-
age (inthe 1 = const approximation), because collisions
destroy this momentum harmonic of the distribution
function for the time of the order of 1. Thissignifiesthat
the BOHF ceaseto be coherent in such afield. Sincethe

equalities Y (t) = 0 cannot be fulfilled for all values of

v simultaneoudly, the coherence of the BOHF is not
completely destroyed in the general case (i.e., the dis-
tribution function is not a constant in the momentum
space). The destruction of coherence can be complete
in a multifrequency field with incommensurate fre-
guencies:

E(t) = z E,cos(w,t +93,). (36)
v=1
In thisfield, the functions
gt = |_| Jo(Va) (37
a=1

vanish simultaneously when Jy(vg,) = O. It can easily
be shown that under these conditions, the dynamical
electron localization also occurs for any dispersion law,
which can be employed to investigate this law.

Let us consider the behavior of the SSL in a har-
monic field in more detail. In thisfield, we have

Py(t) = Jo(va). (38)
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By substituting Egs. (31), (35), and (38) into Eqg. (29)
and putting ®,(0) = 1, we obtain, for wt> 1,

®,(t) = exp[-ivgsin(wt)]

39
[1—eXpE— 0lg (39)

Do tO tg =
104 LN +0H=—
erxpD T TD} O(Vg)g Leotd

For arbitrary values of wt and E¢ # 0, we have, instead
of Eq. (39),

Jn(v9)
1+i(vQc+nw)t

v(t) = Z ‘Ju(vg)|:l_ Z

x exp{ [T +i(VQc + po)]t} (40)

vy 1n(\M.;)Jw(vg) exp (i tcot).

+i(vQc + nw)t
M, N = —oo
By substituting Eq. (39) into Eg. (20) and using
Eq. (25), the distribution function and the current are
found to be

[

f(k,t) = Fo(k) + 22 F. (ko) cos[v(ksd —gsin(wt))]
(41)

x [expg—;% H-expd DDJo(vg)} +OH= TD

i =2y |epfHrH-eeHHve |

x EReJOVHZlJzu_l(vg)sn[(Zu “1)ot]

K ” 0
- lmJOV[QJo(vw + 3 3,(v9) cos(Zuwt)} C
p=1

2 < _
+ (E zl{ ReJOVAZH—l(Vg)COS[(Zu_1)wt]
WV =

+1mjo, Ay (vg)sin(2uot) } (42)
- & ZlC(vg){ Rej,, cos[vgsin(wt)]

—Imjq,sin[vgsin(wt)]} expg_ig
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where

A =Y (0300

n=—o

= 2181~ 3003, 1001 + 252 A, 00— A (9,
Ao =0, A9 = X [1-J54],

© 43

CK =y NI, “

and d,; isthe Kronecker symboal. In contrast to Eq. (39),

Eg. (43) contains terms of the order of (w1)?, which
have been calculated using Eq. (40). For the sinusoidal
dispersion law givenin Eqg. (1), we have

, . . end
oo = Bualor o = 3-8~ BAT-ienV3, (4)

where [V[{ is the electron velocity averaged by using
the distribution function fy(k). For the Maxwell statis-
tics, the distribution function averaged over the trans-
verse momentum is found to be

nd AqagA
Fo =%, Fy = Folugrdo oy

2 L
where T isthelattice temperature and 1,,(X) are the mod-
ified Bessel functions. For the Fermi statisticsat T=10
and the Fermi level p > A, we have

FO = @ Fl = mA 2
(2mh)

2 )

It is seen from Eq. (41) that the vth momentum har-
monics in the electron distribution function disappear
inturn as g increases and the condition Jy(vg) = Oisful-
filled. Formally, this effect can be thought of as selec-
tive transparency in a momentum space or in the
vth harmonics space (except for dynamical localiza-
tion, because the zeroth harmonic of the distribution
function remains unchanged). However, the mecha
nism of this transparency is related not only to the
dynamics of an individual electron. The corresponding
modulation of the distribution function in the momen-
tum space is a combined effect of the field and colli-
sions. If the dynamical modulation of the equilibrium
distribution function is such that its vth momentum har-
monic being averaged over one temporal period van-
ishes (the vth momentum harmonic of the BOHF con-
tains no zeroth time harmonic and, therefore, when
averaged over a temporal period, the gain term in the
collision integral becomes zero), then collisions com-
pletely destroy this harmonic within atime of the order
of 1. In the case of a sinusoidal distribution law, only
the harmonic with v = 1 contributes to the current.
Therefore, if the field amplitude is such that Jo(g) = 0,

(45)

V=2,

v =0, (46)
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then, within a time of the order of 1 after the field is
turned on, the SSL becomes transparent [see Eq. (42)];
that is, the SSL behaves as a dielectric with permittivity
equal to that of the basic semiconductor lattice and with
relatively weak nonlinear resonance absorption. Thisis
the SIT effect. Inthe case corresponding to Eqg. (46) and
Jo(9) = 0, the electrons are distributed uniformly over
the miniband. It is obvious that the current equals zero
for this distribution, as is the case with any entirely
filled band. The occurrence of the SIT is the most
descriptive in this case.

In accordance with the general consideration, it also
follows from Eqg. (42) that the spectrum of the macro-
scopic current coincides [to within terms of the order
(w1)™] with the spectrum of the first momentum har-
monic of BOHF [see Eq. (3)]. Therefore, in SSLs, in
addition to the SIT, there occurs the sel ective-transpar-
ency effect, i.e., the alternate disappearance of the time
harmonics in the current, the constant component
included. One can say that the selective transparency in
the current is a macroscopic manifestation of the
BOHF spectrum. In contrast to the SIT, this effect
occurs immediately after the field is turned on. Coalli-
sions do nothing but uniformly change the amplitudes
of al time harmonics of the current.

A completely different type of situation occurs
when E; # 0 [see Eq. (40)]. In this case, averaging over

along timeinterval yields U, (t) = 0. Therefore, in the

current, all harmonics with combination frequencies
Q¢ £ nw (of which the oscillation spectrum of each
electron aone consists) decay within the time 1 after
thefield isturned on and only harmonics nw (including
the constant component), which are absent in the
BOHF, remain in the current. As indicated above, this
is due to the chaotic change in the phase of the BOHF
amplitude modulation caused by the static field. The
exception to thisis provided by resonance fields with

frequency Q¢ = nyw. In these fields, we have (), (t) =
Jn, (9); therefore, under the static field, the SIT in the

SSL is shifted to the region where J,, (g) = 0. The con-

ditions for selective transparency are also changed.
Thus, due to collisions, the oscillation spectra of the
macroscopic quantities in the SSL become different
from those of individual electrons. In this respect, the
SSL differs essentially from Josephson junctions,
where collisions do not destroy the coherence of Coo-
per pairs and, therefore, the macroscopic current con-
tains harmonics with combination frequencies.

It is significant that, in Eq. (42), the function Jy(Q)
enters both into the common modulation factor respon-
siblefor the SIT and into the separate term responsible
for the DL. The coincidence of the mathematical con-
ditionsfor the DL and the SIT was, perhaps, the reason
why these physically different effects were erroneously
considered to be the same [5, 9-14]. It is to be noted
that there is no common modulation factor both in the
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current flowing through a Josephson junction and in the
BOHF.

Let us consider the field energy dissipation. Accord-
ing to Egs. (42) and (43), in the case of the dispersion
law given by Eq. (1), the field energy absorption lossis

t+2mw

Q=5 [ iMEQ
= Q[1-3) + (1-3) erdsd, @)
N
Q = =2 = 2Bl

At theinitial stage (t < 1), the absorption loss is higher
than its steady-state value, because an extra amount of
energy isrequired to heat the electron gas. The absorp-
tion loss in Eq. (47) is maxima in the case of DL
[Jo(g) = 0] and is equal to that in a static field when
Qct > 1. It should be noted here that the average elec-
tron energy and the absorption loss reach their maxi-
mum values at the same field amplitudes. This is in
accordance with the above discussion of the resonance
incoherent interaction of individual electrons with the
field when the DL occurs.

We found the quantitative conditions for the occur-
rence of the SSL transparency in the single-relaxation-
time approximation, where the momentum harmonics
of the distribution function are not mixed by collisions.
In actuality, this mixing takes place [e.g., in the case of
T =1(K)], which can affect the conditions for the occur-
rence of the SIT effect and even lead to its suppression.
Such is not the case for the selective transparency,
which is determined by the electron dynamicsaone. In
order to analyze the mixing effect, we return to Eg. (3)
and the properties of BOHF. From Eq. (3), it follows
that, for an SSL with a sinusoidal dispersion law and
arbitrary scattering mechanisms (the only condition is
that the scattering itself be momentary), the current can
be written in the form

i) = ne§§<%—ss(to)§us(to)>

+ ws(to)wa(to)m}wa(n + [ws(tows(to)m

- ,%< & —es(to)%a(taﬂws(t) 5

where eqt;) and Vdt,) are the average energy and
velocity of electrons scattered at time t,, respectively,
and the angular brackets signify averaging over the last
collision acts preceding the time of observationt. In the
general case, the averageisdependent ont. It can easily
be shown that V(t) contains only odd field harmonics,

(48)
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while e4t) contains only even ones. At wt > 1, the
probability that an electron having experienced a colli-
sion during the time interval dt, will move ballistically
can be closely approximated by

t—t dt
P(t—to) = eXpH—"gW(t) ", (49)

where W(t,) is a periodic function equal to the relative

number of collisions of the electron during a field
W

period, %) I W(t)dt = 1. In this approximation, from

0
Eqg. (48) we obtain the condition for the occurrence of
the SIT:

5= (@) |30 =2 Y az0(0) 2200
n=1

. (50)
+2 z Bon_1(9)Jon_1(9) = O,
where _
mw
a,(g) = %’ [ EdW() cos(natyet,
° (51)

ww

B(9) = %’ [ Vesin(nanet,
0

and o, = [8;5[d < A/2. If electron collisions are absol utely
random [W(t) = 1] and the distributions of scattered
electrons are independent of t, [i.e, £4ty) = congt,
Vd{t,) = 0], then, using the time reversal invariance of
the equations of motion, one can write

{ S Viko, to)}

where, now, the bar signifies averaging over the time of
observation t. Therefore, strictly speaking, only in this
case does the aternating current vanish under the con-

dition that V (ko, ty) = 0 for any k; that is, in the strict
sense, only in this case does the DL (in combination
with collisions) lead to the occurrence of the SIT. When
eqt), V1), and W(t) depend on t only dlightly, Eq. (50)
approximately coincides with the equation Jy(g) = O.
But if the collision probability depends heavily on time
(momentum), Eqg. (50) can possess no solution and the
SIT does not occur. This situation can take place when
the main mechanism of electron scattering is the emis-
sion of optical phonons.

If mixing of the different momentum harmonics of
the distribution function istaken into account by adding
the corresponding termsto Eq. (32), the following gen-

, (52)

to=t

t
oy J’ V(Ko, to, t)dt, =

Ko t—2mw
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eralized condition for the occurrence of the SIT can be
obtained:

z a,Jy(vg) = 0, a, = const. (53)

v=1
In [7], the condition for the transparency was found
to be

Jo(9) + Jx(9) =0, (54)

which aso does not coincide with the condition for the
occurrence of the DL. (Unfortunately, they used a non-
physical collisonintegral.)

It is appropriate to analyze the condition for the SIT
effect in the frequently used one-dimensional two-
relaxation-time model [2, 16] (which, however, inade-
quately alowsfor the electron gas heating [17]). In this
model, the collision integral being integrated over kg
has the form [16]

Fks ) = folka) | flks ) — (ks 1)
T 1, '

(55)

where the second (additional) term allows for those
elastic collisions that reverse the three-dimensional
momentum (the probahility of these collisions is infi-
nitely small, but we, following [2, 16] and other incor-
rect papers, assume that T, < 1). Thiscollision integral
does not mix the different vth momentum harmonics,
and, therefore, the SIT occurs under the same condi-
tion, Jo(g) = 0, asthe DL does[16]. For the purposes of
illustration, wewill show how thisresult is obtained for
a degenerate electron gas with p > A [see Eq. (46)].
Assume for the moment that the second term in
Eqg. (55) is absent. In this case, as was shown above, at
Jo(9) = 0 (and w,T > 1), the electron distribution func-
tion f(ks, t) is a constant and, hence, the SIT occurs.
Now, we take into account “elastic” collisions repre-
sented by the second term in Eq. (55). For f(ks, t) =
congt, thisterm is identically equal to zero and, there-
fore, the solution to the kinetic equation remains unaf-
fected. Thus, theintroduction of two relaxation timesin
the one-dimensional model of an SSL [2] does not |ead
to separation of the regions where the SIT and DL
effects occur. It can easily be shown that this statement
istrue for any equilibrium distribution function.

4. COMPARISON WITH JOSEPHSON JUNCTIONS

Aswasrepeatedly indicated (see, e.g., [11]), the col-
lisionless dynamics of a superlattice electron is mathe-
matically identical to the behavior of the superconduc-
tion current in a Josephson junction. This suggests the
possible development of the so-called Bloch (continu-
ous-wave) oscillator at the Stark frequency (in accor-
dance with the non-steady-state Josephson effect). The
special properties of the Josephson junctions are asso-
ciated with the fact that the current in them consists of
two components:. superconducting and normal (dissipa-
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tive). These components correspond to two different
groups of electrons passing through the junction: con-
densed Cooper pairs (superconducting electrons) and
one-electron excitations, respectively. All supercon-
ducting electrons are described by a common wave
function. Due to the coherence of the Cooper pairs, the
phase of this wave function is a macroscopic quantity
and is not affected by collisions. The dissipative current
can be thought of as a shunt current, being one of the
components of the total current flowing through the
junction. In an SSL, the electrons cannot be separated
into coherent and normal ones, because they have no
common phase and al undergo collisions. Therefore,
the resistance and reactance of the SSL are in series,
rather than in parallel as in a Josephson junction. In
addition, the BO and BOHF in the SSL essentially
manifest themselvesin adifferent manner in dissipative
processes (e.g., in current—voltage characteristics),
because dissipation in Josephson junctions is associ-
ated with electrons whose dispersion law is different
from that of superlattice electrons. For thisreason, even
infrequent collisions lead to a dissimilarity of macro-
scopic properties between SSLs and Josephson junc-
tions. Therefore, the Bloch oscillator isimpossible (the
SSL conductivity at the Stark frequency is always pos-
itive). However, amplification of signals at shifted res-
onance freguencies can occur. The macroscopic prop-
erties of SSL s and Josephson junctions associated with
Bloch oscillations remain similar only in processes of
duration At < 1. These can be transients caused by the
static field turning on, or by its sharp change, or by
sharp optical excitation of electrons in the presence of
a static field [14, 18]; these can also be short solitons
[16]. Only selective transparency effects, including the
DL, aresimilar in nature in the Josephson junctions and
SSLs.

Thus, the nonlinear conductivity of an SSL isanon-
monotonic function of the field amplitude, which man-
ifests itself most clearly in the selective transparency
and SIT effects. Selective transparency is determined
solely by the dynamics of collisionless electronsand is
adirect consequence of the absence of the correspond-
ing harmonics in the BOHF. The SIT is a combined
effect of the time-harmonic field and collisions which
produce the special electron distribution modulated in
the momentum space; this distribution does not contain
the harmonic that contributes to the current. In contrast
to selective transparency, the SIT does not occur in the
absence of collisions. The dynamical localization (the
absence of the zeroth harmonic in the BOHF) and the
collapse of quasi-energy minibands, corresponding to a
special case of selective transparency, are accompanied
by complete transformation of the energy of transla
tional motion of electrons into the energy of their oscil-
lations. As a consequence, the energy exchange
between the field and individual electronsis enhanced,
which causes the dissipative current to increase sharply
and can give rise to dissipative instabilities. In particu-
lar, the DL is favorable for the absolute conductivity

PHYSICS OF THE SOLID STATE Vol. 43 No. 3

2001

547

becoming negative. In the relaxation time approxima-
tion (T = const), the DL and SIT occur at the same val-
ues of the field amplitude which are determined from
the equation J,(g) = 0. In al the models proposed, the
DL, aswell asthe selective transparency effect, occurs
immediately after the field is turned on, while the SIT
occurs after a time of the order of 1. Beyond the T =
const approximation, the DL and the SIT occur at dif-
ferent values of the field amplitude and the question of
whether these two effectsareidentical doesnot arise. In
contrast to the DL, the conditions for the occurrence of
the SIT are sensitive to the relaxation mechanisms and,
hence, depend on the temperature and the el ectron con-
centration. When investigating the transparency effect
in SSLs experimentally, especially in SSLs with non-
harmonic dispersion low, it is advisable to use multifre-
guency fields.

Since the properties of SSLs are similar to those of
two-level systems [1], the effects considered in this
paper also occur in structures with separate quantum
wells.
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Abstract—Electron tunneling through the GaN/Ga, _ ,Al,N(0001) wurtzite strained structures is investigated
by the pseudopotential and scattering matrix methods. It is shown that the results of multiband calculations at
low aluminum concentrations (x < 0.3) are adequately described within the single-valley model in the envelope
wave function method accounting for the dependences of the effective mass on the energy and strain. Upon
electron tunneling through two-barrier structures, sharp resonance peaks are observed at a barrier thickness of
several monolayers and the characteristic collision time in the resonance region is equal to ~1 ps. The internal
electric fields associated with spontaneous and piezoelectric polarizations lead to a*“red” or “blue”’ shift in the
resonance energy according to the thickness and location of barriers with respect to the polar axis. In the
(GaN),,(Ga, _,Al,N),,, superlattices, the internal fields can form the Stark ladder of electronic states at a small
number of ultrathin layers even in the absence of external fields. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The wide-gap wurtzite structures
GaN/Gg,; _,AlLN(0001) are of considerable interest for
ultraviolet opto- and high-frequency nanoelectronics.
These structures have aready been used in fabricating
“blue’ light-emitting [1] and multiple-well laser [2]
diodes and fast field-effect transistors [3]. Moreover,
they are promising materials for the development of
high-sensitive sensors [4]. The specific feature of these
materias is a record-high value of the spontaneous
polarization and piezoel ectric tensor components [5, 6],
which areresponsiblefor the generation of strong inter-
nal electric fields (~10” V/cm). These fields substan-
tially affect the electron transport [7, 8], defect forma-
tion [8], and optical properties [9-11].

A number of parameters determined for nitride
compounds in recent studies [5, 6, 12, 13] make mod-
eling the physical properties of heterostructures with
inclusion of polarization fields and strains possible.
Despite extensive investigations, the effect of these
fields on fundamental electronic processes has not been
adequately explored. Theoretical investigations are
usually performed within the effective mass method in
the flat band approximation or with allowance made
only for piezoelectric fields [4, 8, 9], whereas the spon-
taneous polarization in nitride compounds can induce
fields even with ahigher strength [13]. Recently, it was
shown that the spontaneous polarization makes the
main contribution to the “red” Stark shift in the ener-
gies of optical transitions in GaN quantum wells [14].

The strength and orientation of internal fields depend
on the thickness of layers, their chemical composition,
doping, the type of substrate, etc., which considerably
extends the possibilities of controlling instrumental
characteristics [15]. The known effects which are asso-
ciated with external electric fields (Bloch oscillations,
Stark localization of states, and band-to-band tunnel-
ing) are substantially modified in the presence of inter-
nal polarization and can manifest themselves even at a
small number of ultrathin layers in heterostructures.
For example, in the (GaAs),(Ga, _,Al,AS),, superlat-

ticeswith alayer thickness of ~30 A, the Stark localiza-
tion of charges in GaAs wells is observed in consider-
ably weaker external fields (~10°V/cm) [16]. However,
piezoelectric fields in these crystals are not very high
and the spontaneous polarization is forbidden by the
cubic symmetry.

For the most part, the investigations of nitride struc-
tures are concerned with the optical properties which
determine their use in optoelectronics. At the same
time, the considerable conduction band discontinuity at
GaN/AIN heterointerfaces (~1 €V, as in GaAgAIAs
structures) [12, 13], fast (at a distance of the order of
one lattice spacing) attenuation of electron waves in
barrier regions, and ssimple single-valley structure of
the low-lying conduction band, which excludes unde-
sirable intervaley mixing effects (leading to an
increase in the tunneling time in GaAs/AlAs structures
[17]), render these compounds interesting for the
design of fast resonant-tunnel subatomic structures.

1063-7834/01/4303-0549%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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These structures, astheir binary components, are stable
to extreme external effects (high temperatures, external
stresses, irradiation, etc.) [18]. It is evident that strong
polarization fields should substantialy change al the
characterigtics of tunneling processes. Note that the forms
of their manifestation can be diverse due to the depen-
dence of the field strength on heterostructure parameters.

Faithful description and design of simplified models
for electronic states in heterostructures with inclusion
of built-in fields are based on fundamental methods for
calculating electronic energy spectra (methods of
pseudopotential, augmented plane waves, etc.). The
parameters of spontaneous and piezoelectric polariza-
tions and the band discontinuities at the heterointer-
faces of GaN/AIN strained structures were determined
with abinitio pseudopotentials[12, 13]. A more correct
description of the band structure can be achieved
within the quasiparticle approach [19]. However, the
nonlocal character of ab initio pseudopotentials com-
plicates the determination of states with complex val-
ues of the wave vectors which appear in solving the
problem of electron scattering. In this respect, in the
present work, the electron tunneling through the
GaN/Ga, _,Al,N(0001) strained heterostructures was
investigated by the local pseudopotential method [20],
which made it possible to use an efficient technique for
determining the genera solutions of the Schrédinger
equation [21]. The calculated complex band structure
enabled us to devise a simplified model within which
we studied the effects brought about by built-in polar-
ization fields upon electron tunneling through nitride
heterostructures.

2. COMPUTATIONAL TECHNIQUE

Self-consistent calculations of the electronic spec-
trum of (GaN),(AIN),(0001) superlattices demonstrate
that the internal electric fields at distances of the order
of one monolayer from boundaries are well described
within the macroscopic approach [13]. Therefore, the
nitride structures with layer thickness of severa peri-
ods can be studied in the framework of the model with
acrystal potential discontinuity at the heterointerfaces.
In this case, the interface dipoles are approximately
taken into account through the change in band discon-
tinuities and the monopole shielding with alowance
made for the lattice relaxation is included with the use
of the static permittivity [13].

In order to illustrate the effects associated with the
internal fields, we considered the GaN/Ga,-Aly;N
structure with the (0001) natural growth boundary. Bar-
rier layers were taken to be thin (severa lattice spac-
ings); hence, their lattice constant in the boundary
plane matched the lattice constant of GaN contact
regions. The experimental structure parameters used for
free crystals were as follows [18]: a(GaN) = 3.189 A,
c(GaN) = 5.185 A, a(AIN) = 3.111 A, and c(AIN) =
4.98 A. The misfit of the lattice constants for GaN and
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AIN (~4%) leadsto considerable strains of layersinthe
heterostructure. The compression of barrier layers
along the axis is defined by the relationship Ac =
—2(c5/cg3)(Aa/a)e [22]. The strains induce the piezo-
electric polarization whose projection onto the hexago-
nal axis is given by the expression Pye,, = 26;,Aa/a +
es3Ac/c [22]. The elastic moduli in the Ga, _,Al,N solu-
tion were determined by interpolating the experimental
data taken from [23]: ¢;3 = (10.5 +1.1x) dyn/cm? and
Cs3 = 39 dyn/cm?. The piezoel ectric tensor components
€3 and e;; and the spontaneous polarization Pg,,, were
derived from the results of calculations [13]: €3 =
(=0.49 — 0.11x) C/m?, g5 = (0.73 + 0.73x) C/m?, and
Pgont = (-0.029 — 0.052x) C/m?. The piezoelectric polar-
ization in barriers was Pyieo(Gay 7Al3N) = -0.012 C/m?.
The total polarization (spontaneous and piezoelectric)
along the hexagonal axisP,, , (where the subscriptsw and
b designate the well and the barrier, respectively) in the
barrier region (P, = —0.057 C/n¥) is 80% contributed by
the spontaneous polarization and is dmost twice as large
as the polarization in the well (P,, = —0.029 C/m?). The
discontinuity of the macroscopic polarization at the
heterointerfaces gives rise to surface charges. From the
continuity condition for the norma component of the
dielectricinduction at the layer boundary followstherela-
tionship between the electric field strengths F,,, [24]:
Fw — €Fp = (P, — Pp)/e,, Where g, and g, are the
static permittivities (the value of € = 9.5 [25] was used
for all compositions) and & is the permittivity of free
space.

The strengths and orientations of fields in layers
depend on the boundary conditions. The internal field
in the heterostructure is inhomogeneous due to the dif-
ference in the polarization of layers. Bernardini and
Fiorentini [13] used the periodic boundary conditions,
which corresponds to the complete compensation for the
homogeneous component of theinternal eectricfield over
the superlattice period. In real structures, the compensa-
tion for the homogeneous component of the internal
field Fy in the active region can be achieved by different
methods, for example, through the screening of doped
contact regions by free charges [15]. In the case when
the external field strength is considerably less than F,
the external field can beignored in the boundary condi-
tion. Then, the compensation condition is determined

by therelationship ) . I; F; =0, wherel; isthe thickness
of the ith layer and the summation is performed over
the activeregion layers. For the active region composed
of a finite superlattice (GaN),(Ga; _,AlLN), .1 (Wherenis
the number of periods along the hexagonal axis) with a
spacer layer (of thickness|y) from the same solid solution,
which are arranged between the GaN contact regions, the
compensation condition leads to the relationship for the
potentia shift AV = I,(l, + IJ)(P, — P,,)/D {where D =
[Nl + Ien) + (p + 1€, Jeq} over the superlattice
periodd =1, + 1, and the expressionsfor theinternal field
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strengthsinthelayersF, = (n+ DI, +I](P,—P,,)/D
and F, = F¢ = nl(P,, — P,)/D. In the limit n — oo,
these relationships are transformed into the formulas
for an infinite superlattice [13]. As arule, the thickness
of the contact regions is much more than the thickness
of theactiveregiond, = (n + 1)I, + nl,, + |5, and, hence,
thefieldsin them are close to zero [15]. Let us consider
the possibility of compensating for F, by free charges.
The value of F, is determined by the ratio between the
potential jump at an “excess’ barrier containing the
spacer layer and the active region thickness d,. There-
fore, a comparable layer thicknesses I ~ |, ~ |, the
field Fy is approximately (n + 1) times weaker than the
field in the barrier whose magnitude for the structures
under consideration is less than 2 x 10° VV/cm. Conse-
quently, even for the two-barrier structure (n = 1), we
have F, < 10° V/cm. As follows from [15, 26], similar
fields are efficiently screened at a practicaly achievable
donor concentration of ~10%° cmr3. The self-consistent
solution of the Poisson and Schrodinger equations
proved that the redistribution of free charges over the
bulk of the structure with the GaN/Ga, gAl,,N quantum
well brings about noticesble bendings of bands in
depleted contact regions and small bendings in the active
region[15]. Inour case, thefield Fyissubstantially wesker
than the unscreened field in the well [15], and, hence, the
compensation for F, was taken into account by neglect-
ing the bendings of bands near interfaces.

The probabilities of electron tunneling through het-
erostructures were calculated in the framework of the
model with a potential discontinuity at the heterointer-
faces by using the scattering matrix method [27] that
was modified for crystals with a hexagona symmetry.
In the present work, we considered the normal inci-
dence of electrons on the heterointerface. The wave
functions of the adjacent layers were matched on
planesthat contained nitrogen atoms. The general solu-
tions of the Schrddinger equation in layers were sought
by calculating the complex band structure [19] with the
crystal potential matrix renormalized according to the
L 6wdin method in the basis set consisting of 73 exactly
included plane waves that were constructed around the
I reference point. Nineteen incident and nineteen
reflected Bloch waves were formed in this basis set
[27]. In calculations, we used the model pseudopoten-
tials taken from [20]. In order to improve the accuracy
of describing the spectrum, these pseudopotentials
included additional corrections for nonlocality and
energy dependence by way of renormalizing the free
electron mass m in the kinetic energy operator T =
-h2A(1 + B/Q)/2m, where Q isthe unit cell volume. The
pseudopotential parameters were determined by fitting
the cal culated energies of band-to-band transitions and
sidevalleysof thelow-lying conduction band in w-GaN
and w-AlIN, and also the effective masses and deforma-
tion potentials, to experimental data and results of ab
initio calculations. The found parameters of ion
pseudopotentials are as follows (inau, # = m=e=1):
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Fig. 1. Fragments of complex band structuresfor (a) w-GaN
free crystal and (b) w-Gay 7Al 3N strained solid solution.
The solutions with purely real values of the wave vector
aong the hexagonal axis (heavy lines) and the real parts of
complex solutions (thin lines) are shown to the right of the
I" point. The purely imaginary solutions (heavy lines) and
theimaginary partsof complex solutions (thin lines) aredis-
played to the left of the ™ point.

Vo(N) = —-4.3, R(N) = 2.49, and B(N) = 0; vy(Al) =
-0.7, R(Al) = 3.34, and B(Al) = —-60; and vy(Ga) =
-0.8, R(Ga) = 4.1, and B(Ga) = 0. The band structure
parameters for GaN and AIN, which were calculated
with these pseudopotentials in the vicinity of the band
gap, are given in the table in comparison with the
results of other works. Here, the deformation potentials
D,, D; and D,, D, characterize the level shifts with a
change in the lattice constants ¢ and a according to [6].

The éectronic states in the Ga, _,AlLN solutions
were calculated within the virtual-crystal approxima
tion. The cation pseudopotential was represented asthe
mean of the Al and Ga potentials taken with weights
proportional to their concentrations. The calculated
energy gap appeared to be almost a linear function of
the solution composition. Figure 1 depicts the frag-
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GaN AIN
Level
1 1 2

sy -0.7 -1.2[19] -0.8 -1.1[19]

Moy 0 0 -0.22 -0.2[19]
-0.176 [6]

My —0.08 (—0.022 [28]) -0.02[19] 0 0

-0.0504 [6]

MM e 3.52 (3.44[29]) 3.5[19] 6.28 (6.28 [32]) 5.8[19]

M3 6.5 5.9[19] 7.7 8.3[19]

My, -0.7 -1.1[19] -0.6 -0.9[19]

M. 6.5 6.5[19] 7.6 7.4[19]

e /m(l 1) 0.14 (0.22 [30]) 0.19[31] 0.30 0.35[31]

Dy(T1y) -24.3 -20.0[6] -14.3 -17.116]

Dy(M1,) -13.6 -14.2[6] -6.6 -7.916]

Dy(M10) -15.0 -86

Dy(M10) -135 -8.38

Da(Tey) 10.6 (8.82[28]) 5.8[6] 8.9 8.84[6]

D4(Fsy) 3.4 (-4.41[28]) -3.25[6] -15 -3.92[6]

Note: The results of this work are presented in columns 1 (the experimental data are given in parentheses) and the results of other works
arelisted in columns 2. The energies of levels and the deformation potentials are expressed in electron-volts.

ments of calculated complex band structures along the
A direction of the hexagonal Brillouin zone at zero
wave vector component parallel to the boundary. The
energies are measured from the bottom of the conduc-
tion band of each compound. The standard designations

are used for irreducible representations of the Cgv

group. As far as we know, the complex band structures
of these materials are presented in thiswork for thefirst
time. Their analysis makes it possible to reved the states
with the least damping decrement, which play a decisive
role in tunneling processes. Since the side point A at the
Brillouin zone edge is not the point of zero dope of the
band spectrum for wurtzite crystals [33], the branches of
complex band structure with these damping decrements
originate only from the central I” valley of the low-lying
conduction band of the Ga, _,Al,N solid solutions. The
biaxial tension in the boundary plane and the compres-
sion along the hexagonal axis of the Ga,,AlysN solu-
tion layer lead to the change in the symmetry of the
higher-lying state in the valence band and the crystal-
line splitting from A, (I, — Fg,) = 0.009 eV to
A, (Mg, —T4,) =0.202 eV and aso to a decrease in the
band gap from E(I" . —Tg,) =4.37eVIOE(M—T4,) =
4.26 eV and the effective electron mass from 0.191 to
0.177 (in terms of m). The gap discontinuity &t the heter-
oboundary also depends on layer stresses [12, 13, 34].
Thisdiscontinuity in structureswith strained solid solu-
tion layers was taken into consideration by using a linear
interpolation (with respect to the composition) of the
valence band discontinuity AE, = 0.2 eV [13], which was
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found for a GaN/AIN heteropair with strained barriers.
From the obtained value AE, (GaN/Ga, ;Al 5 5N) = 0.06 eV
and the calculated energy gaps, the conduction band dis-
continuity was determined as AE(GaN/Ga,;Aly3N) =
0.81eV.

3. RESULTS AND DISCUSSION

The calculated coefficient P(E) for transmission of
electrons through the symmetric two-barrier structure
GaN/Gay 7Al53N(3c)/GaN(4c)/Gay ;Al 3N(3c)/GaN is
displayed in Fig. 2. The results of multiband calcula-
tions were obtained without regard for the internal
fields. The resonance states in the well correspond to
two peaksin P(E). Under the same conditions, we per-
formed the approximate cal culations in which the exact
matching matrix accounted for “interactions’ between
the states only of the low-lying conduction band. At
electron energies up to ~2 eV from the well bottom, the
results of two calculations turned out to be virtually
identical. This can be explained by the fact that the
states of higher-energy bands with larger damping dec-
rements weakly affect the asymptotics of wave func-
tions of the heterostructure. Therefore, in this energy
range, it is possible to apply the effective mass method
which takes into account the states of one real branch
that connects the states with the I'; symmetry at the
band gap edges. In order to simplify our calculations,
the envel ope wave function was chosen in the form of a
plane wave (the Bloch function at the I' extremum of
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the conduction band) for which the standard conditions
of matching at the boundaries were used with due
regard for the dependence of the effective mass on the
energy and strain. The transmission coefficient calcu-
lated in the framework of this model is in reasonable
agreement with the results of multiband calculations
(Fig. 2). A small difference in the energies of the low-
lying resonance (~0.02 eV) is caused by the influence of
states of the valence band. As the a uminum concentration
in the barrier layers increases, the energy of resonance
approachesthe branch point of the complex band structure
of solid solution and the discrepancy with exact calcula
tionsincreases. At small Al concentrations, itispossibleto
use the single-valley model which was applied for analyz-
ing the effect of internal e ectric fields on the eectron tun-
nelinginthe GaN/Ga,-Al 5N structures. In this case, the
fields in the contact regions were taken equa to zero
and the potential of electric field in the layers of the
active region was represented in the form of thin square
barriers. Figure 2 also shows the transmission coeffi-
cient, the phase transmission time 1 = #d¢(E)/0E
[where ¢(E) is the phase shift in the amplitude of the
transmitted wave], the profile of effective electron
potential, and the charge density (obtained under the
condition that the amplitude of the incident wave is
equal to unity), which were calculated for the same
two-barrier structure with due regard for the interna
fields. At the chosen boundary conditions, the internal
field is directed from the cation to the nearest anion
along the hexagonal axis in the barrier regions (F, =
1.31 x 10° V/cm) and in the opposite direction in the
well region (F,, = —1.92 x 106 V/cm). Spontaneous
polarization makes the main contribution to these
fields.

The interna fields lead to a change in the electron
potential in the layers by magnitudes comparable to the
gap discontinuities and render the potential asymmet-
ric. As a consequence, the localization of charge den-
sity in the well depends on the direction of electron
incidence and the probability of tunneling, the energy
of the low-lying resonance, and the phase time
decrease. These effects enhance with an increase in the
Al concentration in the barriers. The occurrence of a
polar direction in wurtzite crystals results in the depen-
dence of the transmission coefficient on the mutua
arrangement of barriers in the asymmetric two-barrier
structures

GalN/Gay Al sN(4c)/GaN(4c)/Gay Al sN(3c)/GaN

(Fig. 3a)
and
GaN/Ga, ;Al 3N (3c)/GaN(4c)/Gay /Al 3N (4c)/GaN
(Fig. 3b).

Theinternd field strengthsin similar layers of these struc-
turesareidentica (F,,=—-2.04 x 10°V/cm, and F, = 1.20 x
105V/cm), but the potential profiles are different. In the
case when the left barrier is thicker, the internal fields
bring about a “blue”’ shift in the first and second reso-
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Fig. 2. Coefficients P(E) and phase times T(E) for trans-
mission of electrons through the two-barrier structure
GaN/Gag 7Al 5 3N(3c)/GaN(4c)/Gag 7A1aN(3c)/GaN.  Salid
line 1 and the dashed line indicate the results of multiband
calculations and cal culations within the single-valley model
without inclusion of electric fields, respectively. Solid line 2
representsthe results of calculationsin theframework of the
single-valley model withinclusion of internal electricfields.
Theinset showsthe effective potential profile and the charge
densities of resonance states. The dashed line corresponds
to the calculation without fields. Solid lines 1 and 2 display
the results of calculations with internal fields upon inci-
dence of electrons from the left and the right, respectively.

nance peaks (Fig. 3a) due to the effective rise of the
well bottom. In the opposite case (Fig. 3b), the “red”
shift of the first resonance increases and the energy of
the second resonance decreases. Furthermore, since the
“powers’ of two barrierslevel off (theleft and right bar-
riers become higher and lower, respectively), the prob-
ability of tunneling at a resonance, as for a symmetric
structure, is close to unity. In all the structures, the
times of electron transmission through the region of the
low-lying resonance are less than 1 ps, i.e., are of the
same order of magnitude as in the GaAg/AIAs struc-
tures[17].

Now, we consider the electron tunneling through the
finite (GaN),(Ga,,Aly3N)s superlattice with a spacer
layer of the same solid solution which is located to the
left and has athickness of onelattice constant ¢ (Fig. 4).
In the absence of fields, the interaction between the
states of separate wells leads to the formation of two
minibands which are associated with two levels in the
well and whose energies do not overlap. The states of
these minibands correspond to the resonance pesksin the
transmission coefficient calculated without regard for the
fidds (Fig. 4). The locations of peaks allow us to deter-
mine the difference between the energies of extreme
resonance statesin thelow-lying miniband AE = 0.037 eV
and the band gap between the adjacent states in the
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Fig. 3. Coefficients P(E) and phasetimes T(E) for transmission
of eectrons through the asymmetric two-barrier structures
(8) GaN/Gag 7Al 3N(4c)/GaN(4c)/Gag /Al 3N(3c)/GaN and
without (dashed lines) and with (solid lines) inclusion of
internal electric fields. Insets show the effective potential
profiles and the charge densities of resonance states: lines 1
and 2 correspond to the incidence of electrons from the left
and the right, respectively.

miniband AE/n = 0.009 €V (n = 4). With alowance
made for the internal fields, the field strengths in the
layers are as follows: F,, = -1.60 x 106 VV/cm and F, =
1.64 x 10°V/cm. As can be seen from the potential pro-
filein Fig. 4, the superlattice potential to theright of the
spacer layer appears such as if the superlattice were in
a homogeneous external field with the strength Fy; =
—-2.3 x 10° V/cm. The value of F is determined from
the ratio between the potential shift AV = 0.084 eV and
the superlattice period d. Since the value of AE is close
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Fig. 4. Coefficientsfor transmission of electronsthrough the
strained finite superlattice (GaN)4(Gag 7Alg 3N)s with the

solid-solution spacer layer. Dashed and solid lines corre-
spond to the calculations without and with inclusion of
internal electric fields, respectively. The inset shows the
effective potential profile and the charge density of reso-
nances upon incidence of electrons on the structure from the
right. The energies of resonances are given in eV.

to the limiting value that corresponds to the miniband
width for an infinite superlattice [35], it can be used for
verifying the fulfillment of the criterion for the forma-
tion of the Stark ladder [36]: AV > AE/n. A comparison
of the obtained values demonstrates that the states of
the low-lying miniband of the finite superlattice satisfy
the above criterion. The presence of the main indica-
tions of the Stark ladder (the localization of charge den-
sity in separate wells and the equidistant step between
resonance levels, which coincides with the potential
jump AV) isillustrated in Fig. 4. The Stark ladder is
formed owing to the disturbance of the superlattice
hybridization of states of separate wells by the electric
field F. For the Stark states with the highest and low-
est energies, certain deviations from an “ideal behav-
ior” in the form of density satellites are observed as a
result of edge effects upon incidence of electronson the
structure from the right and the left, respectively. At
energies E > 0.6 eV, the resonance states of the second
miniband correspond to more smeared peaks in P(E).
These states insufficiently rigorously meet the criterion
from [36] (NAV/AE ~ 2), and the localization of charge
density in wells is absent. Therefore, the formation of
the Stark ladder dueto theinterna fieldsin finite nitride
superlattices depends on the field strength F; and the
dispersion of the miniband. The fulfillment of condi-
tions for its observation can be provided by the proper
choice of sizes and compositions of superlattice layers.
The typical field strength F required in this case, as

for external fields, is equal to ~10°V/cm.
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Abstract—In the framework of fluctuational electromagnetic theory, analytical expressions are obtained for the
dynamic dissipative damping forces acting on the probe of an atomic-force microscope (AFM), as well as
between two plane surfaces at their contact. The contacts between materials typical of AFM, quartz-microbal-
ance, and surface-force apparatus experiments are considered. The conditions for nondissipative slide are dis-
cussed. A comparison between the calculated oscillator quality factor associated with fluctuational dissipative
forces and its values obtained in AFM experiments with a silicon probe and a mica sample shows that they are
of the same order of magnitude; therefore, an experimental investigation of such forces is feasible. © 2001

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Nanostructural mechanisms of energy dissipation
play a decisive role in the problem of friction as a
whole, and the fluctuational dissipative electromag-
netic interaction is one of the most important factorsin
the process of contactless dide of surfaces [1]. This
process is typical of the dynamica mode of operation
of an atomic-force microscope (AFM), and, therefore,
experimental AFM studies of dissipative forces have
considerable promise[2, 3].

In our recent papers [4, 5], the problem of damping
of atomic and molecular particlesmoving laterally over
the surface of asolid at anonrelativistic velocity V was
treated in detail in the framework of the general theory
of fluctuational electromagnetic interactions. The
objective of this paper is further development and
application of this theory for calculating dissipative
forces acting on an AFM probein the cases of different
combinations of the materials of the probe and sample.
We also discuss the role of fluctuational electromag-
netic forces in measurements with a quartz microbal-
ance [6, 7] and treat the problem on the friction of two
plane surfaces, which is the subject of some contro-
versy in the literature [8-10].

1. DAMPING FORCE ON ATOMIC
AND MOLECULAR PARTICLES: THE PRINCIPAL
THEORETICAL RESULTS

The physical processes resulting in fluctuational
dissipative interactions are similar to those that lead to
conservative van der Waals attractive forces between
solids. Thelatter forces are due to quantum-mechanical
and thermal fluctuations of microscopic electric fields
associated with motion of charged particles. These fluc-
tuating fields induce analogous fields in other interact-

ing solids, and, when the solids move relative to each
other, the interaction between them is accompanied by
Joule loss, which is considered the result of dynamical
damping.

In order to strictly calculate the fluctuational dissi-
pative interaction force between an arbitrarily shaped
nanoprobe and a plane (or curved) surfacein theframe-
work of the theory developed in [4, 5], one should
determine the equilibrium fluctuation spectrum of the
electromagnetic field in the gap between the solids,
which is a complicated mathematical problem initself.
In this case, some geometrical restrictions arise which
reflect the fundamental properties of forces of thiskind,
in particular, of conservative van der Waals forces. In
the latter case, fortunately, the assumption of additive
interactions between individua particles is a close
approximation, which allows one to correctly calculate
the dependence of the resultant forces upon the spacing
between the solids; only the interaction constant is
affected by thisapproximation [11]. For aconvex probe
and a plane surface, this constant, as calculated in the
additive-interaction approximation, is more than 5—
20% in error and can be corrected by its effective renor-
malization [12].

Asaworking hypothesis, we assume that the fluctu-
ational dissipative forces are also additive and that this
additivity approximation gives the correct distance
dependence of the forces. A comparison with calcula-
tions that do not involve this approximation is further
shown (Section 5) to provide support for this assump-
tion.

Following [4, 5], we consider the case where an
atom (molecule) moves at a nonrelativistic velocity V
paralel to the surface of a medium with a dielectric
function g(w) and is at a distance h from the surface. A
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neutral spherical particle is characterized by polariz-
ability a(w), while a dipole molecule is assumed to
have an arbitrarily oriented constant dipole moment d.

In the limit of small velocities (which is of prime
interest for the dynamical mode of the AFM operation,
in which the typical nanoprobe velocities do not exceed
or are much smaller than 1 m/s) and in the range of dis-
tancesr, << h < c/wy, (wherergisthe characteristic size
of atoms and wy, is the frequency of orbital motion of
electrons), the damping force per atom was found to be
[4, 9]

3hV D[ ,,(w)dA"(oo) v )d(x"(w)}

1)

" A"(oo) " da"(oo) Jwh
+w[a (@5 (@) } oth e

where A(w) = (e(w) — 1)/(e(w) + 1) and the doubly
primed quantities are the imaginary parts of the corre-
sponding functions. At T = 0, after some mathematical
manipulation, Eq. (1) is reduced to asimpler formula:

3RV .., dA"(w)
F = —4nh5J'du)0( (w)w. 2

0

We note that the condition ry < h < c¢/wy, alows one
to treat the particle as a point dipole and ignore the
retardation effects. In this case, the distance to the sur-
face is limited from above by a value of 10-20 nm,
which is the exact value at which probing is efficiently
performed in the dynamical mode of the AFM opera-
tion. At h=r,, spatial dispersion effects become signif-
icant and the dependence of the dielectric function
upon the wave vector should be taken into account.
Nonetheless, in this case, too, Egs. (1) and (2) account
for acertain (perhaps, dominant) part of the interaction.
Here, the situation is analogous to that which takes
place when one calculates the interaction energy
between two neutral atomsin the vicinity of the van der
Waal s minimum: the dipole—dipoleinteraction makes a
significant contribution to the interatomic interaction
energy, athough, strictly speaking, the atoms cannot be
considered as point dipoles when the separation
between them is so small.

Damping of motion of a dipole molecule with
dipole moment d = (d,, d,, d,) is characterized by the
dissipative force [5]

- 3(3d: + d2 + 4d)V @)
320h°
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and in the case of a charged particle with charge Z;e,
thisforceis

Z 2
_(Z49) v,
16Toh

where g isthe static conductivity. In the case where the
particle moves perpendicular to the surface, an extra
factor of 2 occursin Egs. (3) and (4). More general for-
mulas describing damping of a dipole molecule and a
charged particle were also derived in [4, 5]. No general
formulahas yet been derived for the damping force act-
ing on a neutral atom moving perpendicular to the sur-
face.

(4)

2. DAMPING FORCE
ON THE MOVING NANOPROBE

We assume that the probe has the form of a parabo-
loid of revolution which is described by the canonical
equation z=d + (x2 + y?)/2R, where zis measured from
the surface of the sample, d is the minimum distance
from the surface to the apex of the probe, and R is the
probe's radius of curvature.

By using the Clausius-Mossotti equation, the
atomic polarizability can be expressed in terms of the
dielectric function g(w) of the material of the probe.
Thus, we have

" _ 3 e(w)—1
a"(w) = 4nN|ms(w)+2’ )

where N is the volume concentration of atoms. In what
follows, the dielectric functions of the probe and the
surface under investigation are labeled by indices 1 and
2, respectively. By substituting Eg. (5) into Eq. (1) and
integrating over the probe's volume, the resultant lat-
eral damping force can be found to be

3_ARY 56, (0), £(w), (©)

641 g3

where J(g,(w), £,(w)) isthe overlap integral of the spec-
tra. The structure of this integral is identical to that of
the integrand in Eqg. (1), in which the imaginary part of
the polarizability is replaced by the imaginary part of
thequotient in Eq. (5) [4]. When deriving Eq. (6), it was
also taken into account that, in the typical case, the
AFM nanoprobe has a large aspect ratio (of height to
radius of curvature) and, therefore, the upper limit of
integration over the height of the probe can be extended
to infinity. At T = 0, the numerical factor in Eq. (6)
should be replaced by 3/321t and the integral J(g,(w),
€,(w)) becomes identical to the integral in Eq. (2) with
the substitution for the function o"'(w) indicated above.

The dominating contribution to J(g (W), &£,(w))
comes from the frequency ranges where the absorption
bands of the interacting solids strongly overlap. There-
fore, the contributions from the different mechanisms
operating in different spectral ranges should, in gen-
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Fig. 1. Characteristic functions fy(x), fo(X), and xf;(X)

(curves 1, 2, 3, respectively). The ranges where these func-
tions are negative correspond to nondissipative lateral
forces.

era, be taken into account. For uniform contacts, the
functional J(g,(w), €,(w)) for some model dielectric
functions was calculated numerically in our recent
papers [4, 13]. However, analytical expressions for the
friction forces are of prime interest. It turns out that
closed expressionsfor these forces can be derived in the
case where absorption in the low-frequency range of
the electromagnetic spectra plays a dominant role.

First, we consider two conducting materialsbeingin
contact and represent the dielectric functions in the
standard form:

ATIO
£1,(w) = 1+i—=2,

()
where o, , are the static conductivities. In order to take
high- frequency Spectral  ranges into account, one
should draw on formulas for the dynamical conductiv-
ities.

In the case of wh/2k;T < 1, where the temperature
effects are significant, it is appropriate to use Eq. (1).

By substituting Egs. (5) and (7) into Eg. (1), the func-
tiona J(g,(w), £5(w)) can be represented in the form

11005

(X)

J(ab) = fd—XD

[ 1(X)

wheref,(X) = x/(x? + @) and f,(X) = x/(x? + b?). All inte-
gralsin Eq. (8) are reduced to tabulated integrals, and,

df5(x)

SRCEE

(8

it y(x )d fq (X)i|
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after complicated algebra, the function J,(a, b) isfound
to be

(b —a)
ab(a+b)*
At lower temperatures, where wh/2ksT > 1, EQ. (2) is
more convenient to use, because the hyperbolic cotan-
gent in Eq. (1) can be replaced by unity in this case. By

substituting Egs. (5) and (7) into Eq. (2) and perform-
ing integration, we obtain

Ji(a,b) = 9)

d x
a,b) = [dx
T2 b) = I X +a2dXx + b’
(10)
(a + b’ )In(b/a)+(a b)
(a’-b%)’
With these results, the damping force iswritten as
9 kg TRV
= o5 d3 fi(x), T>T,, (11d)
l
3 ﬁRV
_Th _
T, = " —max(20,/3,0,), X = 30,/20,, (11lc¢)
B
x—1
00 = (12)
F,(X) = (1- X2 +(1+x)|nx)x (13)

(1+x°)°

Estimations show that T, = 300 K for maxo; , =
1400 Q' m; therefore, for materials (such as germa-
nium and silicon) showing weak conductivity, smaller
than the value indicated above, the temperature effects
are significant and the damping forceis proportional to
the temperature and given by Eq. (11a). For metals, the
parameter T, is very large and Eq. (11b) is valid in
actual practice. Itssingularity at 20, = 30, isaseeming
one; analysis shows that in this limit, we have F = 0,
which is aso the case for Eqg. (118) at T = 0. Thus,
damping vanishes when the critical condition 20, = 30;
isfulfilled. At 20, < 304, the lateral force on the nano-
probe becomes accelerative, because the probe gains
energy from surface plasmons. The functions f;(x),
f,(x), and xf,(X) [see Eq. (17d)], in terms of which the
damping forces are calculated, are plotted in Fig. 1
(curvesd, 2, 3).

An important feature of Egs. (11) istheir symmetry
relative to interchanging the probe and the surface at
0, =0,. Inthiscase, at T = 0, thedamping forceis quite
independent of the conductivities and equals F =
-0.0027RV/d?, which has avalue of 0.0003 pN for typ-
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icl AFM parametersR=30nm, d=0.3 hm, and V =
1 m/s. At room temperature, for silicon-silicon-like tri-
bometric contacts, more frequently used in AFM exper-
iments, the damping force is much larger. For example,
ford=0.3nm,V=1m/s, R=30nm, T =300 K, and
0 =0.001 Q* m?, Eq. (11b) givesF = 1 nN, which is
comparable to the adhesive friction force in the close-
contact regime. We note that velocities of 0.06-6 m/s
are typical of the dynamical mode of the AFM opera-
tion at an oscillation frequency of 1 MHz with ampli-
tudes 10-1000 nm. It is possible that such (and even
higher) velocities should also take place for the close-
contact mode of the AFM operation in theinitia short-
run stage of the probe sliding over the surface.

Investigations of the interaction between two insu-
lating materials and between a metal and an insulator
are also of practical importance. A surface force appa-
ratus [14] is commonly used to investigate insulator—
insulator (e.g., mica-mica) interactions. We will
approximate the diel ectric functions of insulatorsin the
low-frequency range by the Debye model expression:

e-1

e(w) = 1+1—iwr’

(14

where € is the static permittivity and 1 is the relaxation
time (for mica, T = 1071°-10-°s). The approximationsin
Eq. (14) and Eg. (7) lead to the same functional of the
dielectric functions. With Egs. (9), (10), and (14), the
damping forces for different combinations of materials
can be written in the following unified form:

(1) For the insulating probe and the insulator sur-
face,

- ngTIEVrl(sl—lz)(sz—l) f,(x), T> T, (159
32d° (e,+2)%e.+1)

3 ARV (g, —-1)(e;,—1)

F 3211 d3 (81 + 2)(82 + 1) fZ(X)! T< To, (15b)
To = g@max((s +2)/31y; (g, + 1)/21,)
Lk 1 n ZT(150)

X = 314(e, + 1)/21,(¢, + 2);

(2) For the conducting probe and the insulator sur-
face,

9 keTRV (e-1) ,

Den g oe+ 1 1) T>To (163
3 ARV(e—1) 3
F 2 g7 (e+ 1)1‘2(x), T<T, (16b)
_2h
Ty = —max(4mo/3, (¢ + 1)/21),
ke
(16¢)
_3(e+1).
X= o
8rot
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(3) For the insulating probe and the conductor sur-
face,

9 kgTRV (g-1) ;

F = G F (c+2)0 1X)x, T>T, (178
3 ARV (e—-1) .
F on g7 (e+2) fo(x), T<Ty (17b)
_h £ +2 0 _ bmat
Ty = 2kBmaxD 3 ,2T[0'D X = c1 0 (27¢)

For silicon—mica contacts, we have T, < 0.1 K and,
therefore, Egs. (15a), (16a), and (17a) are valid under
any typical experimenta conditions. As seen from Fig. 1,
the sign of the lateral force can be different, depending
on the ratio between the conductivities, the ratio
between the relaxation times, or the product oT.

It should be stressed once again that the formulas
derived in this paper determine only that part of the
fluctuational electromagnetic force which is due to
absorption in the low-frequency spectral range. Addi-
tional contributions can arise if the absorption bands
overlap in other spectral ranges.

3. A COMPARISON WITH AFM DATA

It is of considerable interest to compare the theoret-
icaly calculated fluctuational dissipative forces with
the available experimental AFM data. In [2], the dissi-
pative forces were measured experimentally in the case
where the AFM silicon probe moved along a normal to
the surface of mica in a vacuum. The cantilever had
stiffness k = 40 N/m and natural frequency f = 300 MHz,
and theradius of curvature of the probe was R =20 nm.
For an amplitude of A = 20 nm, the energy loss per
cyclewas measured to be AW = 1-10 eV, depending on
the ratio d/A, where d istheinitial spacing between the
probe apex and the surface in the absence of oscilla
tions. In this case, the quality factor of the oscillating
probe Q = TKA? AW equal's (0.3-3.0) x 10°. Itisobvious
that, for lateral oscillations of the probe at the samefre-
guency and the same (fixed) spacing between the probe
apex and the surface, equal to h=d —A, the energy loss
rate is somewhat higher and the quality factor is lower.

By representing Eqg. (16a) in the form F = —yRTV/h?,
the theoretical quality factor associated with fluctua-
tional forcesis found to be Q, = kh¥/4nfyRT. For € = 6,
T1=10%s, and o = 0.001 Q1 m?, we obtain from
Egs. (16a)—(16c) that y= 0.019kzT. For the same values
of the probe parameters and h = 0.3 nm, the quality fac-
tor isequal to Q,; = 5.3 x 107/T. Therefore, at tempera-
tures 100300 K, Q; is of the same order of magnitude
as the experimental values[2].

It should be noted that, in the case considered above,
Q, virtually does not depend on the conductivity of the
probe, but decreases in inverse proportion to increasing
relaxation time of the dielectric. On thewhole, we have
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Fig. 2. Function F(x) given by Eq. (21) (x = X).

Q. O kn¥ftRT in this case; this permits verification of
the predictions of the theory, which enables one to mea-
sure fluctuational electromagnetic forces. As has
already been noted above, a surprising prediction of the
theory is that the lateral damping force acting on the
probe can vanish and even become positive (Fig. 1). In
the case of the silicon—mica contact, the damping force
vanishesat o = 3(¢ + 1)/8mtT, therefore, for afixed value
of T, this condition can easily be satisfied by choosing
the appropriate doped material for the probe.

In the experiment under discussion, the energy loss
can be associated not only with fluctuational dissipative
forces, but also with the breaking of adhesion bonds,
although the latter mechanism is more typical of the
close-contact mode of the AFM operation [1]. How-
ever, the damping force due to the breaking of adhesion
bonds is independent of the velocity and electrophysi-
cal properties and is likely to depend on the tempera-
ture only dightly [13]. These specific features can help
in the separation of the corresponding contributions to
the damping force.

4. FLUCTUATIONAL DISSIPATIVE FORCESAND
QUARTZ-MICROBALANCE MEASUREMENTS

Fluctuational dissipative forces can also be deter-
mined from crystalline-quartz microbalance experi-
ments [6, 7], in which one measures the oscillation
damping of quartz oscillators (metal-coated quartz
plates). The presence of a film of adsorbed inert gases
on the surface of the plate causes a change in the Q fac-
tor of the oscillator and allows one to estimate the char-
acteristic decay time of the trandational motion of
adsorbed atoms. In the case of krypton on the surface of
gold, thistime is about 1 ns.

Let us estimate the decay time due to fluctuational
electromagnetic forces from Eq. (2). The imaginary
part of the atomic polarizability can be written in the
most general case as (e and m are the charge and mass

PHYSICS OF THE SOLID STATE \Vol. 43

DEDKOV, KYASOV

of an electron, respectively)

2

a"(w) = ?—nz

fiyiw

: (18)
(f - )+ yiw’

where the sum is over al electron transitions from the
ground state (0) of the atom to the excited states (i) of
the discrete spectrum and w, ¥, and f, are the transition
frequency, linewidth, and oscillator strength, respec-
tively. The high-frequency dielectric function of the
metal or semiconductor coating of the plate can be writ-
ten in the standard Drude approximation as (¢ = 1 for
the metal coating)

2 . 2
(wpT) N 1(WpT) |
1+ (w1)®  wr(l+(wr)?)
where w, isthe plasmafrequency and T isthe relaxation
time for electrons.

By substituting Egs. (18) and (19) into Eqg. (2) and
going to the limit y; —= 0O, we obtain

g(w) = -

(19)

2_2
F =2 V0@,y), (20)
4mz
(D(a. y) _ fiy2(3a2Xi4 — 2aXi2y2 + aZXiZ — y4)
| Z Xi(az)(i4 - 28.Xi2y2 + {;12)(i2 + y4)2
(21)

= Z Fi(a Y, %) fiyz,

wherea=¢+ 1, % =wT, andy = wyT.

Anaysis showsthat thetermsin thesumin Eq. (21)
can have any sign. For metals, we havey > 1 and the

F.(a, y, x) vanish a /2w, = w, for fixed values of x.
The contributions from the transition frequencies w; 2

wp/ﬁ correspond to an accelerative force; the other
frequencies contribute to the damping force. In order to
compute the function ®(a, y), the specific distribution
of oscillator strengths should be given.

Figure 2 shows the dependence of F;(a, y, X) on x;
for the parameter values typical of gold: w, = 8.8 eV,
1=37x10"%s a=2,y=50.2 andf = 1. Itisseen
from Fig. 2 that F;(a, y, X;) has no singularities, because
% > 0; however, this function exhibits a characteristic
nonmonotonic change in the narrow spectral range

around x; = y/./2, and, therefore, the dominant contri-
bution to ® (a, y) comes from these transition frequen-
cies. By putting f; = 0.1 and df/dx O x=3% (which ade-

quately describes the optical and UV ranges of the
spectrum) and converting the sumin Eq. (21) to an inte-

gral, we arrive at the function @ (a, y) plotted in Fig. 3.
It is seen that, where the lateral force is negative,
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5>(a, y) < 0, which corresponds to the case of usual
damping.

For the surface of gold, we have ® (2, 50.2) =
-0.093. Using thisresult and Eq. (20), for the case of a
Kr atom adsorbed at a distance of 0.4 nm from the sur-
face, we obtain the decay time At =MV/F = 0.6 ns(M is
the mass of a Kr atom), which is close to the experi-
mental value. It should be noted, however, that the
value of Atisvery sensitiveto variationsin T, w,, and z,
asis seen from Egs. (20) and (21) and Fig. 3.

If adsorbed atoms form afilm, an additional contri-
bution to the damping force can arise because of
absorption in the low-frequency spectral range.
Another factor leading to an increase in the damping
force can be the appearance of localized dipole
moments and electric charges on adsorbed atoms. The
corresponding damping forces are given by Egs. (3)
and (4), and these are fairly small in the case of good
conductors, such as gold. For example, for Z, = 1, the
dipole moment d = 1D and z = 0.4 nm, the damping
forces are 4-5 orders of magnitude smaller than those
given by Eq. (20) and can beignored. A completely dif-
ferent type of situation can occur for the surface of
graphite and silicon.

5. THE INTERACTION
BETWEEN PLANE SURFACES

The fluctuational dissipative forces per unit area of
theinteracting surfaces were recently calcul ated [8-10]
using the Maxwell stress tensor for the case where two
paralel thick plates divided by a gap of width d move
relative to each other. An extended discussion of those
calculationsis beyond the scope of this paper. However,
it should be noted that there is a fundamental discrep-
ancy concerning the finite damping force proportional
to the velocity at T = 0; in contrast to our paper, this
force is missing from the results of the papers men-
tioned.

It isour opinion that the electric field in the gap was
calculated incorrectly in [8-10]. For example, Pendry
[8] used a heuristic expression for the field amplitude,
which allowsfor the inherent fluctuating field of one of
the plates and the field of the wave reflected from the
other plate, with the Fresnel reflection coefficient
including the Doppler shift dueto the relative motion of
the surfaces. Volokitin and Persson [9, 10] used a more
general method, but their dynamical generalization of
formulas of the Lifshitz fluctuation theory for the elec-
tromagnetic field amplitude is not evident and, further-
more, a humber of additional approximations were
made when passing over from the original relativistic
theory to the nonrdativistic case. The expressions
derived in [9, 10] for the damping forceat T = 0 are
identical to those obtained by Pendry; however, at T # O,
the contribution to the damping force proportional to
the velocity is quadraticin T.
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In order to go to the case of two interacting platesin
our formulas for the damping force exerted on the con-
vex probe by the plane surface, it is sufficient, rather
than to integrate over the probe volume, to integrate
Eqg. (1) or Eg. (2) over h (from zero to infinity) and
dividetheresult by the area Sof the surface of the plate.
Then, e.g., instead of Eq. (6), one obtains

F_ %—VJ(Sl(OO),Sz(w))-

S~ 128r2d"

The friction stress F/S for different combinations of
materials is obtained by multiplying the right-hand
sides of Egs. (11) and (15)—(17) by afactor of 3/2mRd.
Thus, in the case under discussion, the dependence on
the gap width follows a power law with an exponent (in
the denominator) larger by unity than that in the case of
an interaction between the parabolic probe and the
plane surface.

We note that a formulalittle different from Eq. (22)
is derived from an intermediate result obtained by Pen-
dry (Eq. (18) in [8] in the low-velocity limit). In com-
parison with Eq. (22), this formula has an extra factor
4/9 and, in the spectrum-overlap integral analogous to
theintegral in EQ. (2), a"(w) isreplaced by Im[(g;(w) —
1)/(g4(w) + 1)]. It is clear that the factor 4/9 appears
because the contribution from the other plate is not
taken into account. However, the original expression is
not symmetric under the permutation of indices 1 ~— 2
and its formal symmetrization, performed in [8],
resulted in a final symmetric expression in which the
contributions to the damping force linear in velocity
canceled each other out. Furthermore, even without
symmetrization, the damping force also becomes zero
for plates of the same type, in contrast to Eq. (22). This
shows once again that the approximation made in [8]
suffers from shortcomings. For the purposes of this
paper, however, the most important point is that
although the results obtained in [8-10] are based on the
continuum model and do not involve the assumption
that the interactions are additive, these results lead to

(22)
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the same dependence of the damping force on the dis-
tance d asthat in Eq. (22).

In actual practice, the calculations of the fluctua-
tiona forces acting between plane surfaces are of
importance in surface-force apparatus experiments
[14], inwhich one measures the friction forces between
mica plates covered with surfactants.

6. CONCLUSIONS

Thus, the theoretical model proposed in [4, 5] for
calculating nonrelativistic dynamical fluctuational dis-
sipative forces is developed further. We derived closed
analytical formulas for the damping forces acting
between a parabolic nanoprobe and a plane surface,
between a neutral spherical atom and a conducting sur-
face, and between parallel thick plates divided by agap.
The metal-metal, insulator—nsul ator, metal—insul ator,
and insulator—metal contacts are considered. The for-
mulas derived allow for absorption of electromagnetic
waves in the low-frequency spectral range and predict
characteristic dependences of the damping forces upon
velocity, temperature, distance, nanoprobe radius, and
electrical characteristics of interacting solids. In partic-
ular, it is predicted that, in al cases considered in this
paper, the damping force proportional to the velocity
does not vanish at zero temperature. The conditions for
nondissipative slide of surfaces are discussed.

The Q factor of oscillatorsis estimated for the mod-
ulation mode of the AFM operation, and a comparison
with the experimental datais made for the case of asil-
icon nanoprobe interacting with mica. The calculated
and experimental fluctuational electromagnetic forces
are shown to be of the same order of magnitude (0.001—
1 nN), so that their AFM measurement is feasible.

It is also shown that the damping time for moving
adatoms measured in quartz microbal ance experiments
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can be associated with fluctuational electromagnetic
forces.
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Abstract—The electronic spectrum of a planar triangular lattice is analyzed, and the possible occurrence of
charge (CDWSs) and spin density waves (SDWSs) in the lattice is discussed. Commensurate CDW and SDW
structures of two types are considered in the weak and strong el ectron—el ectron interaction approximations. The
CDW and SDW models are applied to the specific case of chemisorbed metal monolayers on the (111) surface
of diamond structure semiconductors with a coverage close to /3. © 2001 MAIK “ Nauka/I nterperiodica” .

INTRODUCTION

The ordered structures and phase transitions in
monolayers of metals chemisorbed on the surface of
diamond structure semiconductors (primarily Si and
Ge) have been studied intensively for several decades
(see, e.g., [1]). Inthis paper, however, we do not pursue
the goal of giving even a brief overview of all aspects
of thisfield of surface physics.

We discuss only a narrow range of objects which
have recently attracted attention; these are monolayers
of some nontransition metals on (111)-type surfaces of
diamond-like semiconductors (Si, Ge) with a coverage
close to 1/3. Furthermore, we restrict our consideration

to reconstructed monolayers of the /3 x ./3 typein
the form of a planar triangular lattice [2]. The question
concerning the genesis of such monolayers and the rea-
son for their stability has been repeatedly discussed in
the literature (see, e.g., [3]), but a decisive answer to
this question has not yet been given. In what follows, a

(/3 x /3)-type monolayer is assumed to exist without
specifying the mechanism of the (111)-surface recon-
struction which leads to its formation. Among the
systems of this type are monolayers of group-lli
(Al, Ga, In)/Si(111), group-1V (Pb, Sn)/Ge(111), and
group-V metals [Sb/Si(111), Bi/Ge(111)], as well as
more complex K/Si(111) : B monolayers (see numer-
ous referencesin [1, 2]).

As for the electronic structure, al the systems indi-
cated above have a fairly narrow surface energy band
(of width W~ 0.2-0.5 eV), which is associated with the
hybridized orbitals of the meta monolayer and the
uppermost atomic layer of the semiconductor.

The surface unit cell consists of a metal atom and
three symmetrically arranged atoms of the semicon-

ductor [3]. Thefilling of the narrow energy band (with-
out regard for charge transfer between the bulk of the
semiconductor and its surface) is determined by the
redistribution of the electronic density between the sp®
orbitals of Si or Ge in the uppermost atomic layer and
the p (or s) orbitals of the chemisorbed metal. It is easy
to verify that, in the pure “chemical” approximation,
this redistribution formally results in a half-filled nar-
row surface band in the case of group-IV metas (Pb,
Sn) on the (111) surface of Geand Si and in the case of
a group-l metal (K) on the Si(111) : B surface. In the
case of metals of groups 111 and V1, the narrow surface
band is empty and full, respectively. In principle, by
varying the composition of the monolayer with the cov-
erage remaining equal to 1/3, the filling of the narrow
surface band can be varied over avery wide range with-

out disintegration of the ./3 x ./3 structure and the tri-
angular surface lattice.

The effects of electron correlations in the systems
under discussion were accepted to be important after
publication [4], in which the photoemission spectra of

the K/Si(111) (/3 x ./3) : B structure were studied.
Even the smplest estimations show that the effective
electron—electron interaction (on-site Coulomb repul-
sion in the Hubbard modd) is of the order of U = 1-2 eV
for the electrons of the surface energy band and, there-
fore, U/W = 1. It has been proposed that, everywhere
over the temperature range studied, the structure con-
sidered in [4] isa Mott insulator and, perhaps, an anti-
ferromagnet, although possible magnetic ordering in it
has not yet been investigated. Only quite recently [5]
have calculations of the surface electron spectrum been
performed for the system treated in [4], and, on the

1063-7834/01/4303-0563%$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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Fig. 1. Brillouin zone of atriangular surface lattice.

whole, the preliminary estimates of the correlation
effects have been substantiated.

At the same time, the properties of another group of
the structures under discussion, namely, of Pb and Sn

monolayers on Ge(111) (/3 x ./3), are quite different

from those exhibited by the K/Si(111) (/3 x /3) : B
isoel ectronic structure mentioned above. It isPb and Sn
monolayers on Ge that undergo a structural transition

from the higher-temperature metallic (/3 x /3) phase
to alower-temperature reconstructed (3 x 3) phase with
a narrow band gap (Sn/Ge) or a pseudogap (Pb/Ge)
(see, eq., [6, 7] and the references to earlier papersin
[2]). The mechanism of this structural transition and the
influence of electron correlations on it are debatable at
the present time.

The idea that the effect of the electron—electron
interaction on the surface energy bands plays an impor-
tant role in the charge and magnetic ordering of the sur-
face of diamond-like semiconductors has long been
considered. It is this interaction that is responsible for
the formation of the antiferromagnetic structure in the
Pendy quasi-one-dimensional chains on atomically
clear (111) (2 x 1) surfaces of silicon and diamond [6].
Along with chemical dimerization, thisinteraction also
determines the width of the insulating band gap in the
spectrum of electronic surface states, aswell asthe fea-
tures of chemisorption of some gases and metalsin the
case of small coverages (see, e.g., [7]) in the systems
indicated above.

In this paper, we propose a simple model which
qualitatively describes, in a unified way, all available
results concerning the charge and spin ordering in

monolayers of the /3 x /3 type on the (111) surface
of silicon and germanium. This modd involves the
widely known and well-accepted concepts of charge
(CDWs) and spin density waves (SDWSs), which are
successfully used to qualitatively describe electronic
phase transitions in a wide range of systems [8]. We
analyze different cases in the weak- (U < W) and
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strong-interaction (U > W) limits; only in these limits
can the theoretical methods for calculating the electron
correlation effects be more or less justified. In the
former limit, the model Hamiltonian of interacting fer-
mions in the self-consistent field approximation is
used, while in the latter, the effective Hamiltonian of
pseudofermions is written in this approximation. On
the whole, the results obtained using both approaches
correlate well, so that one might expect our conclusions
to bealso qualitatively valid in the actual case of U = W.

1. THE ONE-PARTICLE EXCITATION SPECTRUM
OF A TRIANGLE LATTICE

Let us consider a system of interacting particles on
atriangle lattice with interatomic spacing a. In the sim-
plest tight-binding approximation with only nearest
neighbor hopping of electrons, the spectrum of one-
particle excitations has the form

g(k) = 2t[ cosk,a+ 2cos(k,a/2) cos(ﬁkyaIZ)], @

wheret > 0isthe hopping integral (thissign of theinte-
gral corresponds to the case of triangular surface lat-
tices of chemisorbed metals on the (111) surface of
semiconductors; see, e.g., recent band spectrum calcu-
lationsin [5]). The Brillouin zone (Fig. 1) is character-
ized by two reciprocal |attice vectors:

K, = (41 /3a)e,, K, = (4Wa)(e,—e,/./3), (2)

where e, and g, are unit vectors. This zone is of the
shape of a regular hexagon, and its area is § =
8r%(./3a?). At t > 0, the energy (k) reaches its maxi-
mum at point I (g5 = 6t) and its minimum at point K
(Emin = —3t), such that the full width of the allowed

energy band is W = 9t. The density of states is highly
nonuniform in this band and given by

N(e) = AE)/[2r°t(3-28)""], € = ¢e/2t, (3)

where A(€) = K(K) for k< 1and A(€) = k1K (k) for k> 1;
K(k) isacompletedliptic integral of thefirst kind, with
its modulus being

k = 1/2J[2+ (3—8)1./(3+ 29)]. (4)
Wenotethat 0<s k< 1if-1< € <3andk>1if -3/2<

€ < -1 Itiseasy to verify that the density of statesin
Eq. (3) tendstoinfinity ase — 2t (¢ — 1,k — 1)

and, in the logarithmic approximation, the density of
states has a singularity of the van Hove type

N(e) = (3v/(41°t)) In(4/|1 + §]), (5)

wherev = 1for € >—1andv = 2for € <—1. Therefore,
the constant-energy “ surface” with €, = -2t is of special
interest. Supposethat the Fermi level | precisely equals
€ (1 =-21). In this case, as can be seen from Eq. (1),
the Fermi “surface” is of the shape of a hexagon, with
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its area being equal to S= 61%/(/3a?), and the occupa-
tion number of electronic states (including the spin fac-
tor) isny = 2[(S — A)/S] = 1/2, i.e., one-half electron
per atom. We also note that there are three pairs of seg-
ments of the Fermi “surface” (sides of the hexagon)
that coincide under trandlations by vectors Q,,(m =1,
2, 3), respectively, where

Q3 = 1/2K1_K2

When reduced to thefirst Brillouin zone, the vectors
{Q.} connect points " and M in Fig. 1 (in what fol-
lows, we drop the index m and use Q to denote the 'M
vector inthefirst Brillouin zone). Note, by the way, that
€(Q) = -2t and, therefore, the line along which the sin-
gularity occurs in Eq. (5) is the line passing through
saddle points of the M type.

Thus, the dominant contribution to the density of
states in Eq. (5) comes from the regions around the
sides of the hexagon whose vertices are at the M points
and even a small shift of the Fermi level p from the g,
level can lead to a noticeable change in the occupation
number n relative to its value n, = 1/2. Assuming
[OWW)| < 1 (recall that W= 9t), wheredu = —¢,isthe
chemical potential shift relative to €, the n(d) depen-
denceisfound to be

n(dv) = N+ (27v/218)(3R/W) In(8e/9|5/W), (7)

wherev = 1fordou>0andv =2 for du < 0.

Even at /W = 0.1, the change n(du) — n,, accord-
ing to Eq. (7), isequal to dn = n(d) — ny= 0.5; that is,
n is close to half-filling. For this reason, in what fol-
lows, we assumethat, even at thefilling n= 1, the Fermi
level lies near the peak of the density of states in
Eqg. (5). Band calculations show [2, 5] that this conclu-
sion remains valid for a spectrum of a more complex
form than that in Eqg. (1), with allowance made for hop-
ping not only between the nearest neighbors, but also
between more distant ones. In fact, the latter hopping
leads solely to a shift in the energy €, towards higher
values, i.e., towards the center of the Brillouin zone,
which, inturn, leadsto larger values of n, > 1/2. There-
fore, the conclusion that the Fermi level lies near the
peak of the density of states N(g) and that the states cor-
responding to the hexagon with its vertices located at
the M points have a dominant role in the formation of
this peak isfairly general for the systems under discus-
sion and is not closely related to the approximation of
g(k) by Eq. (2).

Now, let us consider another important characteris-
tic, the one-particle response function x°(q), in terms of
which the criterion for instability of the system with
respect to the transition to an SDW or CDW stateisfor-
mulated:

fM)=IKdOKZfHKm—nMQK&+¢£UL(&

(6)
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where integration is performed over the first Brillouin
zone. For wave vectors closetoq = Q and |d/W < 1,
an estimation of Eq. (8) with a logarithmic accuracy
gives

X (Q) D(L/W) In’|Su/W; 9)

that is, x°(q) divergesat du=0andq — Q. Itisclear
that this divergenceis associated with the van Hove sin-
gularity of N(¢) in Eg. (5) and a nesting of sections of
the Fermi surfacein Fig. 1 at = 0. It should be noted
that the sharp peak in x°(q) near q = Q persists when
hopping between more distant neighbors is also taken
into account and when thefilling nisnear unity (see[2]).
Thisisnot surprising, since the Fermi level ispinned to
the peak of the density of states N(g), as indicated
above. Therefore, the anomaly of x°(q) forq — Q is
not heavily dependent on the details of the spectrum g(k)
and on the approximations made above.

2. THE FORMATION OF CHARGE
AND SPIN DENSITY WAVES
IN THE WEAK-INTERACTION LIMIT

Let us consider amodel Hamiltonian for interacting
particles on atriangle lattice:

H= Y e)aad
k, o (10)

+U) ntnil +1/2VY nin;,

Zh ey

where g(k) isthe one-particle excitation spectrum given
by Eq. (1), k isthe two-dimensional quasi-momentum,
o isthespinindex, (i, j) areindices specifying the near-
est neighbors on the triangular lattice, U is the on-site
(Hubbard) repulsion potential, and V is the Coulomb
interaction potential between the nearest neighbors. It
iswell known that, for a system described by Hamilto-
nian (10), the generalized criteria for the instability of
the ground state with respect to the transitions to a
CDW and an SDW state are given by

0 _ .
Udax (@=1, UJq) = —Vzexp(lqn)—u. ()

Uax@=1, Uq) = U,

respectively. In Eq. (11), summation is performed over
the nearest neighbors. It is very important that Uy is
independent of the wave vector g, and, therefore, the
type of the SDW structure is determined by the peak of
x°(q) alone. At the same time, U,(q) depends heavily
on g (and can even change its sign), and, therefore, the
type of the CDW structure is not evident in advance.
Indeed, it is easy to verify that UJ(q) reaches its maxi-
mum at g = P (the vector connecting pointsI” and K in
Fig. 1), while x°(g) becomesmaximal at g = Q (the'M
Vector).
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Thus, U/(P) =3V -U and U (Q) =2V -U, such that
we aways have U (Q) < U,(P). The following cases
can occur depending on the relationship between the
potentials V and U: (i) at 3V — U < 0, the transition to
the CDW state is impossible; (ii) at 3V — U > 0, but
2V - U <0, only the CDW state with wave vector P can
arise; and (iii) at 3V—-U >0and 2V —-U > 0, the CDW
states with wave vectors P and Q are in competition. In
the last case, the result of competition depends on the
band filling (i.e., on the value of d). In the immediate
vicinity of thefilling value n = n, = 1/2, the logarithmic
singularity of x°(Q) inevitably leadsto the formation of
the CDW structure with wave vector Q, but even for a
small departure from ng (towards half-filling n = 1), the
CDW structure with wave vector P can become more
advantageous. | n principle, the occurrence of anincom-
mensurate CDW structure is also not ruled out.

In the case of SDWs, we have a much simpler situ-
ation. With al other factors being the same, the struc-
ture with wave vector Q is more advantageous because
of the logarithmic singularity of x°(Q) at n=ny = 1/2.
Since X%Q) remains maximal even at half-filling
(n=1), asindicated above, it is completely unreason-
able to believe that the type of the SDW structure will
change.

The possible CDW and SDW structures discussed
above are depicted in Fig. 2. We note that the CDW with
wave vector P most likely corresponds to the experi-
mentally observed 3 x 3 phasein (Pb, Sn)/Ge(111); the
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type of the SDW in K/Si(111) : B has not yet been iden-
tified.

The self-consistency equation for the order parame-
ter A (which is single-component for the CDW and
three-component for the SDW) can be relatively easily
solved only in the case of ordering with wave vector Q.
This equation has the form (here and henceforth, we
consider only the case of zero temperature, T = Q)

= [AU, (Q)/17]

12
I{ (dxdy)/[ (4tcosxcosy)? + AT "%}, 12

where D(U) is the region of integration over occupied
states in the Brillouin zone. At 4 = |, (the Fermi level
is precisely even with the position of the peak of the
density of states), asolution to Eq. (12) isgiven (witha
logarithmic accuracy) by the expression

A = A, = dtexp[-4T /iU, (Q)]. (13)

A detailed calculation of A(p) for 1 # i, can be per-
formed only numerically; this is a separate problem
which is beyond the purpose of this paper. In any case,
Eqg. (13) can be used as an upper estimate of the order
parameter A(W) < A, for all types of ordering considered
above, when qualitatively analyzing the one-particle
spectrum of the rearranged phase.

Now, we discuss the effect of ordering with wave
vector Q on the density of states N(€). This is affected
significantly in the vicinity of the energy € = g, = —2t.
For |e + 2t| > A, we have

2,172

N(g) O(A/t)(Int/A)/[ (g + 2t)° — A7 (14)
while for A%t < |e + 2t| < A, we have
N(e) ~ [A% — (g + 2t)] Y7, (15)

therefore, there is a square root singularity near the
point € = g,.

Intheregion |e + 2t| ~ A%/t < A, thereisanother, log-
arithmic, singularity,

N(e) ~ (U/t) In(t/ [ + 2t]); (16)

therefore, the spectrum of one-particle excitations is
gapless (more precisely, it has a pseudogap) as before.
In the case of ordering of the CDW type with wave vec-
tor P, the pseudogap 2A in the spectrum is even less pro-
nounced than that in Egs. (14)—(16) and the rearranged
system is more likely to be a semimetal in nature. In
this case, clearly, the order parameter A is described by
an expression different from Eq. (13), but, unfortu-
nately, analytical calculation of A(U.(P)) isimpossible.

However, our qualitative conclusion that the energy
spectrum of a (3 x 3)-type CDW phase has a pseudogap
(or no gap) does not require such a calculation.
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3. THE FORMATION OF A SPIN DENSITY WAVE
IN THE STRONG-INTERACTION LIMIT

In the preceding section, we considered the case
where the interaction potentials U and V are not very
large and the self-consistent field approximation as
applied to the origina Hamiltonian (10) is justified. It
is also appropriate to analyze the other case where the
Hubbard on-site repulsion U is large in comparison
with the hopping integral t and the intersite repulsion V
(e, U>t, V).

Inthis case, it is convenient to go from the Hamilto-
nian (10) to the so-called t—J model by introducing the

Hubbard XLB operators in the ordinary way [9]:

Hy = Y DeoXhat 3 135S+ (W2nn], @)

o,i %] i#]

where J = 4t%/U, V =V — 2t%U, X\, is the Hubbard
operator for a particle excitation at a site, and S is the

spin operator. By going from the Hubbard operators to
the auxiliary pseudofermion (f,) and pseudoboson

operators (B;) in the simplest representation (X, —~

fr B, X,y —= ff,) and treating the pseudoboson
operators as ¢ numbers in the saddle-point approxima-
tion, we write the effective Hamiltonian in the form

a,i %] i#]

_Z)\ifitxfia!
ia

where A, is the Lagrange multiplier ensuring the con-
servation of the total number of quasiparticles at a site
(n+BB=1),S= B fia Oggfigrandm =% | fia fia-
The chemical potential u isincluded in the field com-
ponent Ay, which is independent of the site index and

can be thought of as the chemical potential of pseudo-
fermions (Ay = W) in the system without CDWSs. The

effective hopping integral is fij =t/(1-n)(1-n;),
where n; and n; are the average pseudofermion occupa-
tion numbers for sites (i, j); in the absence of charge

modulation, we haven; = n, =nand t;; =t(1-n).

Let us consider the possible formation of a com-
mensurate antiferromagnetic structure in the system
with Hamiltonian (18) in the case where there is no
charge density redistribution. Earlier, an analogous
phenomenon was considered [10] for a one-dimen-
sional chain, which models, in some approximations,
the Pendy chain on the (2 x 1) (111)Si surface. In the

parameter rangewhere t = t(1—n) > J (recall that, for
the model with Hamiltonian (18), by definition, we
have J < t, because t/U < 1), the mean field approxi-

(18)
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mation with respect to the spin density S isjustified. By
separating the components S, and introducing the order
parameter A, = —J,[5,[) we arrive at the standard
Hamiltonian for a system with an SDW and a fixed
chemical potential of pseudofermions

Her = Zs(k)f;afka
a, k

- z [(Aqo-)apf;[ifk—qa + C-C-] (19)

oBq
=5 (183 = B M fea
q a, k

where g(K) is the spectrum given by Eq. (1) for atrian-
glelattice in which the replacement t —» t is made.

The effective potentia Us @) =jq=—12) Z” exp(ign)
isresponsible for the formation of SDWsin the system
with Hamiltonian (19); this potential depends on the
quasi-momentum ¢, which essentially distinguishes it
from the corresponding potentia in the system with

Hamiltonian (10) [see Eq. (11)]. The potential Us(q)
reaches its maximum at q = P, with OS(P) = (3/2)],
while Us(Q) = J.

At the same time, according to the Stoner criterion,
the paramagnetic state is unstable with respect to the
formation of both an SDW with wave vector Q (when
the average filling n is close to 1/2) and an SDW with
wave vector P (when nisnot closeto 1/2). In both cases
(q=Q, P), however, we have U{(q) > 0, and, therefore,
thetwo types of SDWsarein competition, asisthe case
with the two types of CDWSs in the systems with weak
interaction (see the preceding section).

We note that, since the average occupation numbers
of the fermion (in the original Hamiltonian) and pseud-
ofermion states are equal, the quantity n has the same
physical meaning asin the previous sections. However,
the physical meaning of [1 becomes quite different; it
is the chemical potential of pseudofermions, which is
merely a convenient parameter, quite different from the
real Fermi level of the primary quasi particles. Nonethe-

less, all formulasin Section 1 that relate [1 to n remain

valid after the replacement of t — t andp — i and
can be immediately used to analyze the spectrum and
density of states of pseudofermions on the triangle lat-

tice. Similarly, after the replacement Uy(q) — Us(q),
one can use the formulas from Section 2 for the order
parameter A that characterizes long-range antiferro-
magnetic ordering in the system with Hamiltonian (18).
For example, when ordering with wave vector g = Q
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occurs and the energy band of pseudofermions is a
quarter full (n=n, = 1/2), we have

A = Dy = Atexp[—-4Tt/U(Q)]
= 2texp[-TtJ/2UTt],

sothat Ao < T because of the exponentially small fac-
tor in Eq. (20) for U > t. It should be stressed that the

criterion t > J, which is used when deriving the effec-
tive Hamiltonian (19), is not met in the immediate
vicinity of haf-filling (n — 1) and the general Hamil-
tonian (18) of the t—J model should be used in this case.
In the limiting case of n = 1, Eq. (18) is equivaent to
the Heisenberg Hamiltonian with exchange integral J
for a system of local spins S= 1/2 on atriangle lattice
[11], which cannot be adequately described in terms of
the concept of the SDW.

It should be emphasized that the order parameter A
in the model with Hamiltonian (19) does not have the
physical meaning of the maximum amplitude of the
spin density at lattice sites; rather, it is the slowly vary-
ing envelope of the density of the local spins S(r) aver-
aged over fast quantum fluctuations. In the limit U > t,
the real spin density is strongly localized on sites (S=
1/2), whereas the average static spin density is [$0=

AUs < 1/2for J <t and, therefore, the description in
terms of SDWsisvalid for the system of band pseudo-
fermions. These, of course, have no immediate physical
meaning and are nothing more than a graphic descrip-
tion of the mathematical treatment of the system with
Hamiltonian (18).

(20)

4. CONCLUSION

Thus, we performed qualitative analysis of the elec-
tronic spectrum of a planar triangular lattice and of the
possible formation of charge and spin density wavesin
it. By using the tight-binding approximation with only
nearest neighbor hopping of electrons, the density of
statesis shown to have alogarithmically divergent peak
(van Hove singularity) at the energy corresponding to
the quarter-filled electron energy band (n = 1/2). Even
when the electron band is half full (n = 1), the criterion
for instability of the system with respect to the forma-
tion of a CDW or an SDW can easily be met, because
the Fermi level is pinned. In this case, two possible
commensurate structures, with wave vectors Q =

(a)[e, + (1/+/3)e] and P = (4103)e, in the first Bril-
louin zone, can be in competition (incommensurate
structures are not considered in this paper). There can
occur both a simple stripe-domain structure (g = Q)
near quarter-filling and a more complex triangular
(hexagonal) structure (q = P) near half-filling. In the
former case, the nesting of some sections of the Fermi
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surface at wave vector Q isof considerable importance,
while in the latter case, the increase in the effective
interaction potential at wave vector P plays an impor-
tant role.

The available experimental data suggest that (Pb,
Sn)/Ge(111) monolayers with a coverage of 1/3 are
systems in which CDWs arise at wave vector P and
which can adequately be described in the weak interac-
tion approximation [2]. The electronic spectrum of
these systems is gapless, or it has a pseudogap. At the
same time, K/Si(111) : B monolayers with a coverage
of 1/3 most likely belong to systems with SDWSs, but
guestions concerning their SDW structure are till
unanswered and amodel adequately describing themis
lacking. The presence of agap in the spectrum of elec-
tron states favors the strong-interaction model, but the
value of the band gap width (about 0.1 eV) isinconsis-
tent with the criterion for strong interaction, which
makes one make exotic assumptions about surface
relaxation [4], a discussion of which would serve no
purpose in this paper.
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Abstract—A study of the mechanism governing theinitia stagesin silicide formation under deposition of 1—
10 monolayers of cobalt on a heated Si(111) 7 x 7 crysta is reported. The structural data were obtained by an
original method of diffraction of inelastically scattered medium-energy electrons, which mapsthe atomic struc-
ture of surface layersin rea space. The elemental composition of the near-surface region to be analyzed was
investigated by Auger electron spectroscopy. Reactive epitaxy is shown to stimulate epitaxial growth of a
B-oriented CoSi,(111) film on Si(111). In theinitial stages of cobalt deposition (1-3 monolayers), the growth
proceeds through island formation. The near-surface layer of aCoSi,(111) film about 30 A thick does not differ
inelemental composition from the bulk cobalt disilicide, and the film terminatesin a Si—Co—Si monolayer triad.

© 2001 MAIK “ Nauka/lnterperiodica” .

Silicon forms the basis of present-day solid-state
microelectronics. Thelatter makeswide use of avariety
of microstructures consisting of transition-metal sili-
cides grown on silicon [1]. The Co/Si(111) system has
been attracting the interest of many researchers for
about two decades[2-12]. It was shown that CoSi, epi-
taxia films can be grown on a Si(111) 7 x 7 surface
with an atomically sharp interface[13-16]. Thisfeature
of the CoSi,/Si(111) heterostructure made it a model
system to probe the metal—semiconductor interface and
to study the mechanism of Schottky barrier formation
[17]. It isaso essentia that CoSi, films possess a high
conductivity and thermal stability. This combination of
properties of the cobalt silicide films on silicon
accountsfor their widespread use for ohmic and barrier
contacts in semiconductor devices.

Three main techniques of growing CoSi, films in
ultrahigh vacuum are known. One of them is solid-state
epitaxy, which consistsin depositing Co on Si(111) 7 x 7
at room temperature, followed by annealing the sample
to 550-600°C. Ancther method is reactive epitaxy, in
which Co is deposited on a heated silicon crystal, and
the third is molecular-beam epitaxy. The mechanism
itself by which CoSi, films grow on a heated substrate
received only scant attention. The data available to us
form only an incomplete picture. For instance, [18]
reports the existence of two temperature and coverage
regions within which either continuous uniform or
island CoSi, films can grow. Thefirst case is character-
istic of lower temperatures and coverages. The above
study [18] relates, however, to temperatures and cover-
agesin excess of 550°C and ~15 A, respectively. Asfor
the earliest stages in the CoSi, growth for T < 550°C,
there areindications that the layer-by-layer growth pre-
vails here[8].

Thiswork studiestheinitial stagesin silicideforma
tion under the conditions of reactive epitaxy. The study

made use of a new structural method, namely, diffrac-
tion of inelastically reflected medium-energy electrons
[19-22]. Such diffraction patterns form due to the elec-
tron focusing effect consisting essentially in the scat-
tered electrons propagating preferentially along closely
packed atomic rows in a crystal, which permits visual-
ization of the atomic structure of a near-surface crystal
layer 1-1.5 nm thick in real space. Thisfocusing effect
was discovered in studies of the diffraction of photo-
and Auger electrons [23—-25], which has aready found
application in the investigation of the structure of sili-
cidefilms grown by solid-state [5] and molecular-beam

epitaxy [26].

1. EXPERIMENTAL

The instrument used in the experiment was
described in detail in [27]. We shall discuss here only
itsprincipal units. The sampleto be studied isirradiated
with a 2-keV eectron beam. The beam current is 107 A,
and itsdiameter is1.0 mm. The electrons hit the surface
at grazing incidence, undergo intense scattering in the
near-surface layer, and are partially reflected from the
sample. The electrons reflected with energy losses not
above approximately 10% of the initial energy are
detected by a small retarding-field analyzer with two
spherical grids. On passing through these grids, the
electron flux is amplified by a microchannel plate and
initiates luminophor glow, which is observed through
the optical window of the vacuum chamber. The LEED
optics provide collection of the electrons within afairly
large cone-apex semiangle of 57°. The possibility is
provided to observe the important region near the nor-
mal to the sample surface, whichisinaccessiblein stan-
dard LEED instruments. The diffractograms are viewed
by avideocamerainterfaced with a computer. This per-
mits one to record them on a hard disk with arate of up

1063-7834/01/4303-0569%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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(©) (€9)

(d) (h)

Fig. 1. Diffraction patterns observed in the deposition of
cobalt on the surface of a silicon single crystal heated to
450°C. (@) Origind pattern from the Si(111) 7 x 7 face
(b)—(d) diffractograms after deposition of one, two, and
three Co monolayers, respectively; (€) CoSiy(111) epitaxia
film; (f)—(h) simulations of patterns (e), (c), and (d), respec-
tively.

to 50 frames per second, with their subsequent process-
ing by means of special software. This rate of pattern
recording alows studying many atomic processes in
real time.
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The studies were performed in an ultrahigh vacuum
(108 Pa). The silicon samples on which cobat was
deposited were cut from a KEF-1 single-crystal plate
and measured as 22 x 14 x 0.25 mm. The crystal sur-
face was matched with the (111) face to not worse than
20'. Before mounting them in the chamber, the crystals
were thoroughly cleaned by the technique of Shiraki
[28]. Thiswas followed by a heat treatment in vacuum,
first at T = 500°C for half an hour and then by short
stepwise anneals at an ever-increasing temperature (up
to 1000°C). Directly before the measurements, the
samples were heated for a short time at T = 1200°C,
which ensured an atomically clean silicon surface with
aSi(111) 7 x 7-type reconstruction. During the sample
heating, the pressure in the chamber did not rise above
2 x 107 Pa. Cobalt was deposited on the crystal main-
tained at 450°C. The cobalt source was a 1-mm diame-
ter wireof 99.99% purity. Thewirewas heated by electron
bombardment. The cobalt was deposited in approximately
one-monolayer steps, at arate of 0.8 monolayer (ML) per
minute. Theinvestigation was carried out over a Co coat-
ing range of up to 10 ML. Thefigure 7.8 x 10 at/cm?,
which corresponds to the number of Si atoms per 1 cm?
of the Si(111) face, was accepted for the cobalt mono-
layer. The cleanness of the original crystal surface and
the deposited amount of cobalt were verified by Auger
electron spectroscopy. The diffraction patterns were
measured at room temperature after the sample had
cooled down.

2. RESULTS OF THE MEASUREMENTS
AND DISCUSSION

2.1. Dynamics of Diffraction Pattern Variation
under Reactive Epitaxy

Theresults areillustrated by Fig. 1. It displays sev-
era diffraction patterns measured on the origina
Si(111) 7 x 7 crystal (Fig. 1a) and after deposition on it
of fixed cobalt amounts (Figs. 1b—1e). The dataare pre-
sented in the form of stereographically projected, two-
dimensional scattered-electron intensity maps in the
polar and azimuthal takeoff angles, shown in the non-
linear gray-scale contrast code. The bright regions
relate in this case to maxima in the angular distribu-
tions, and the black ones, conversely, to their minima.
The center of a pattern corresponds to €l ectrons escap-
ing along the surface normal, and the circumference, to
their takeoff at a polar angle of 57°. Note that the dif-
fractograms obtained at medium energiesand similar to
those presented in thefigure are frequently called Kiku-
chi patterns. As can be seen from Fig. 1a, the Kikuchi
pattern of the substrate has a threefold symmetry char-
acteristic of the silicon (111) plane. The brightest max-
ima are observed with electrons escaping along the
most closely packed [1100 silicon crystallographic
directions lying symmetrically with respect to the pat-
tern center at polar angles 8 = 35°. There are also pro-
nounced maxima along the [1110and [100Cdirections.
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In Fig. 1a, they are identified by circles. Note also the
extended high-intensity bands (Kikuchi bands) along
the projections of the closest packed {110} silicon
atomic planes. Thus, this pattern does indeed map, in
real space, the mutual arrangement of atoms in the
near-surface layer of a sample. The thickness of this
layer is equal to the average escape depth of the
detected electrons, which isabout 1.5 nm for an energy
of 2.5keV. A more detailed analysis of the formation of
silicon Kikuchi patterns can be found in [29].

Already the deposition of the first cobalt monolayer
(Fig. 1b) changes the pattern noticeably. This becomes
manifest, first of al, in the weakening of the strongest
[1100kubstrate peaks discussed above, aswell asin the
change of the fine diffraction structure close to these
directions. The maximain the central part of theimage
also become dlightly stronger. This transformation of
the pattern gets still more pronounced on deposition of
the second (Fig. 1c) and third (Fig. 1d) cobalt monolay-
ers. Fairly intense maxima at polar angles 6 = 35°
appear, which lie azimuthally between the substrate
peaks. At higher cobalt coverages, the changes in the
pattern become less pronounced, to disappear practi-
caly completely after the deposition of five to six
cobalt monolayers. The results obtained for this steady-
state system areshownin Fig. le. Notethat it isapprox-
imately within this coverage interval that the ratio of
the Co(MMV) to Si(LVV) Auger signals ceases to
change, thus implying a constant elemental composi-
tion in the probed near-surface layer.

2.2. CoS,(111) Epitaxial Film

The pattern displayed in Fig. 1e and showing a dis-
tinct diffraction structure provides unambiguous evi-
dence for the silicide layer formed being ordered. As
follows from its comparison with Fig. 1a, the pattern
itself resembles in many details the one observed for
silicon, but turned azimuthaly through 180°. It is
known that deposition of cobalt on a Si(111) crystal
heated to ~450°C resultsin the growth of a CoSi,(111)
cobalt disilicide film [8]. This similarity between the
diffractograms of Si(111) and CoSi,(111) can be
readily understood if onerecallstheir crystal structures.
Both substances crystallize in cubic symmetry, with sil-
icon having a diamond-type structure and CoSi,, aflu-
orite-type one. The mismatch between the lattice con-
stantsisonly 1.2% (a, = 5.356 A, a, = 5.428 A). Nev-
ertheless, the differences between these structural
types, which are clearly seen in the (110) planes (Fig. 2),
complicate the structure of the CoSi, atomic chains, in
particular, along the [11000directions, and change the
atom concentrationsin them. However, the orientations
of the closest-packed directions and planes in both
crystals coincide (the [110001 directions and {110}
planes). Hence, the strongest pattern maxima should be
observed at the same takeoff angles of the scattered
electrons. Thisisillustrated by Fig. 3, which schemati-
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() (b)

Si Co

Fig. 2. Schematic presentation of the sections of the (a) Si
and (b) CoSi, unit cells by the (110) plane.

(@)
[111]

[101] [131] [010]

(b)

[131] [111]

Fig. 3. Schematicillustrating the principal focusing maxima
appearing as electrons move along the (110) atomic planes
of (a) silicon and (b) cobalt disilicide.

cally shows the mutual orientations of the principal
focusing maxima produced by €lectrons moving along
the {110} planes. It is these peaks, as is evident from
Figs. laand 1e, that are dominant in the diffraction pat-
terns observed. Therefore, these patterns are very simi-
lar and their differences are determined by the different
relative intensities of the focusing maxima.

As for the Kikuchi pattern of CoSi,(111) being
turned azimuthally through 180° relative to that of sili-
con, thisis accounted for by the fact that it is this epi-
taxial orientation of the cobalt disilicide interface that
is energetically favorable for the system under study
[30]. It is customarily caled the B orientation, as dis-
tinct from the A orientation, which coincides with that
of the substrate. The orientation of the growing disili-
cide is determined by its nucleation centers within the
unit cell of the reconstructed silicon surface [31]. If
these centers are localized on its strained halves, the
CoSi,(111) forms with the B orientation, otherwise it
will be A oriented. It was shown [32] that when Co
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Fig. 4. Dependences of the R; factor on parameter o, which
characterizesthe statistical weight of the substratein the dif-
fractograms observed after the deposition of (a) two and
(b) three cobalt monolayers.

atomsare deposited on asilicon crystal at room temper-
ature, they are adsorbed and penetrate under the top sil-
icon atom layer within the whole 7 x 7 cell. Indeed, in
these conditions, one finds both A- and B-oriented
CoSi,(111) domains. By contrast, if Co atoms are
deposited on aheated crystal in close-to-thermodynam-
ically equilibrium conditions, they migrate over the
surface and remain within the strained parts of the cell,
and this is what accounts for the growth of the B-ori-
ented CoSi,(111) film in this case.

Thus, when more than ~5 cobalt monolayers are
deposited on a Si(111) crystal heated to ~450°C, a con-
tinuous epitaxial film of B-oriented CoSi;(111) will
grow on it. The ratio of the low-energy Co(M, 5VV)
and Si(LVV) Auger signals measured for this film is
0.18-0.20, which adjoins the 0.2—-0.3 interval quoted in
the literature for CoSi,—C [33-35]. It was established that
the elemental composition of the surface layers of this
phase coincides with that for bulk CoSi,(111) and termi-
nates with the monolayer triad S—Co-Si [33, 36]. Note
that the surface of Co films annedled to higher tempera
tures (550-600°C) is enriched in slicon, because it
becomes coated by two extra S monolayers [33-35]. By
contrast, the surface of afilm with elemental composition
coinciding with that of the bulk silicide is called cobalt
enriched. The diffraction pattern of CoSi,(111) with such
a surface obtained by computer simulation within the
cluster moddl of single scattering of plane electron
waves [19] from a B-oriented film is shown in Fig. 1f.
It exhibits good agreement with the experiment, thus
supporting the validity of the above interpretation of
the pattern in Fig. 1e.

2.3. CoS,(111) Growth Mode in the Initial Sage
of Formation

An analysis of the intermediate diffractograms
obtained during the formation of the above Kikuchi
pattern with increasing amounts of deposited cobalt
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(Figs. 1b-1d) yields information on the mechanism of
the silicide film growth in the earliest stages of the pro-
cess. A detailed comparison of these images with the
patterns produced by clean silicon (Fig. 1a) and cobalt
disilicide (Fig. 1e) shows the intermediate images to
contain elements of patterns due to both crystals. This
suggests that the intermediate images are actually their
superpositions. To check this conjecture, the Kikuchi
patterns under study were smulated using images
obtained on silicon (Fig. 1a) and cobalt disilicide (Fig. 1€).
The intensity 1,(8, ¢) was calculated for each point of
the pattern by the expression

1:(8,9) = ala(®,¢) +(1-a)lg(6,¢), (D)

where [,(8, ¢) and I5(8, ¢) are the intensities measured
at points in the diffraction patterns (Figs. 1a and 1e)
with the angular coordinates (8, ¢) and o is avariable
parameter related to the statistical weight of the sub-
strate surface not covered by CoSi,(111) crystallites.

The optimum value of a can be found by minimiz-
ing the difference between the calculated, 1,(6, ¢), and
measured, |(8, ¢), patterns. These differences are usu-
ally estimated by means of reliability factors. One cus-
tomarily resorts to the R; and R, factors defined by the
relations

> [1(6,9) —1:(8, ¢)|
R, = 22 :
> [1:(6, 9)]
8, ¢

)

> [1:(8, ) = 1(8, $)]°
R, = 22 .
S 168, 9)
6,¢

Here, 1(6, ¢) and 1,(8, ¢) are the measured and calcu-
lated intensities, respectively, for the same point in the
diffractogram. The summation is performed over all
takeoff angles of the detected scattered electrons. The
denominators of the fractions are normalization coeffi-
cients.

The calculations using Egs. (1) and (2) were carried
out for a varied in steps of 0.02 within an interval of O
to 1. The data obtained in this way for the three states
of the Co/Si system under study (Figs. 1b—1d) were
used to construct R;(a) and R,(a) relations. By way of
illustration, Fig. 4 shows this relation drawn for R for
samples with two and three Co monolayers. Theserela
tions are seen to exhibit fairly distinct minima at the
valuesof a of 0.35 and 0.18, respectively. The optimum
value of a for one Co monolayer is 0.60. The same
results are obtained in estimates made by means of the
R, factor. The diffractograms calculated for two and
three Co monolayers and corresponding to the a values
thus found are presented in Figs. 1g and 1h. They are
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seen to agree very well with the measurements (Figs. 1c,
1d). In contrast to [7], these data indicate that the film
forming in the course of deposition of the first few
monolayers occupies only a part of the substrate sur-
face, which increases as cobalt is further deposited. For
three Co monolayers, it is aready 82% and it is proba-
bly in this stage that the idands start to coalesce. On
deposition of the fourth and fifth monolayers, the CoSi,
film becomes continuous. Estimation of the average
thickness of growing islands, made by comparing the
amounts of deposited cobalt with the corresponding
values of a, shows that, in the earliest stages of the sili-
cide formation, lateral growth of CoSi,(111) prevails.
For instance, an increase in the deposited Co from one
to three monolayersresultsin anincreasein the average
island thickness by 50%, whereas the area occupied by
the idands increases twofold. It isthe lateral growth of
the islands over the substrate surface that accounts for
the formation of fairly perfect epitaxial CoSi, filmsin
this system.

Thus, the data obtai ned suggest that the formation of
the cobalt disilicide on the Si(111) 7 x 7 surface at an
elevated temperature starts with the nucleation of
CoSi,(111)-Cidands, followed by their lateral growth.
The island coalescence occurs at cobalt amounts of
about three monolayers. Deposition of five Co mono-
layers produces a continuous, B-oriented CoSi,(111)
epitaxia film.
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Abstract—The most general (nonrelativistic) analytical formulas are deduced in the framework of the fluctu-
ation electromagnetic theory for the dynamic conservative and dissipative forces experienced by aneutral atom
moving parallel to the generatrix of a cylindrical surface. Asin the case of aflat surface, afinite friction force
proportional to the velocity existsat T = 0. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Investigation of the dynamic fluctuation electro-
magnetic interaction (FEI) of atoms and molecules
with flat and curved surfacesis of considerable interest
for nanotribology [1] and in the context of the possible
control of particle beams by means of nanotubes[2, 3].
Furthermore, the information on FEI forces is neces-
sary in studies of the adsorption of particles by surfaces
of nanotubes and fullerenes.

This paper is a continuation of our works [4—7] in
which the most general nonrelativistic formulas were
deduced for the forces of attraction and of viscous fric-
tion of atoms and molecules moving parallel to a flat
surface. Dissipative FEI forcesfor acylindrical surface
at temperature T = O were first considered in [8]. The
goal of the present work wasto derive the more genera
formulasfor the conservative and dissipative FEI forces
acting on a neutral atom moving parallel to the genera-
trix of a convex (concave) cylindrical surface with a
nonrelativistic velocity V < ¢ in the case of an arbitrary
temperature.

2. ELECTRIC FIELD INDUCED
BY A FLUCTUATING ATOMIC DIPOLE
ON A SURFACE

Asin the case of aflat surface [4—7], et us consider
a spherically symmetric atomic particle with the polar-
izability a(w). The medium is specified by the dielec-
tric function g(w). Figure 1a illustrates the motion
above a convex cylindrical surface, and Fig. 1b shows
the motion inside a cylindrical channel. For definite-
ness, in Sections 24, we will analyze the former case,
and in Section 5, we will consider the latter case.

Our constraints are reduced to the fulfillment of the
conditions of validity of the dipole approximation and
the neglect of the FEI retardation. In the case demon-
strated in Fig. 1a, these requirements constrain the dis-
tances between the particle and the surfaceh=R—a by

therangery < h < c/wy, wherer, is the characteristic
size of the atom and wy, is the characteristic frequency
of excitation of atomic electrons.

Designating the vector of the spontaneous dipole
moment of the particle by d*(t), we have the following
expression for the vector of electric polarization which
is induced in the space by the fluctuations of d*(t)
(hereafter, we will use the Gaussian system of units):

P¥(r,t) = d(x—R)d(y)d(z—Vt)d™(t)

1
= 28(r - RB(@AA™), o

where (r, @, 2) are the coordinates of the particle in the
cylindrical frame of reference. The Poisson equation
for the potentid of the eectric field induced by the polar-
ization represented by expression (1) (AP = 4rtdivP®)

.V (a)
T
Rj
2 g
g(w) (b)
h 1%
S R I (S
2a
&(w)

Fig. 1. Diagram of the motion of a neutral particle: (a) par-
allel to the generatrix of a convex cylindrical surface and
(b) inside acylindrical channel.
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hasthefollowing form in the cylindrical frame of refer-

ence:
° 10 0
Bt g sl 9a
L0 .
L 5(r - R8T
1[(266 R @
e OECIHO

+ 2 AR5 s drn]

where d7 (t), dy (t), and d;’ (t) are the corresponding
projections of the vector of dipole moment.

Solving Eg. (2) and taking into account the bound-
ary conditions of the continuity of both the potential
and the norma component of electric induction, we
obtain the expressions for the vector of the induced
electric field of the surface and its components:

in 1
E(r,pzt) = (21‘[)3
o | o ©)
% z IJ-EL?k(r)eImpel(kz_wt)dwdk7
E"(wk; r) = —%un(wk; r, (44)
Eg(0k; 1) = —iTnun(wk; r, (4b)
EM(wk; 1) = —iku(0kK; r), (4c)

Un(eki 1) = —4TIA (@) K (kr) K (KR kdP(w—KV)
_ i—ngn(kr) K (KR)dP(@—kV) )
— IKK (kn)K (kR dP (@ —kV) 5

(e(w) — 1)1 ,(ka)l(ka)
g(w)1h(ka)K(ka) — I (ka)Ky(ka)

For ssimplicity, argument k (and also a) in formula (6)
and, below, in formula (19) is omitted.

The functions K, (X) and I,(x) are the cylinder func-
tions of order n, and primes denote their derivatives.
The physical meaning of the A,(w) function in Eq. (6) is
smilar to that of the function A(w) = (e(w) — 1)/(g(w) + 1)
in the case of aflat surface [4—7].

Replacing the Fourier components of the dipole
moment in Egs. (4)—(6) by the corresponding quantum

Afw) = (6)
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mechanical components of the operator of the dipole
moment, expression (3) will betreated as adefinition of
the operator of the induced electric field of asurfacein
the Heisenberg representation. All the other vector
guantities also have operator meaning.

3. CONSERVATIVE POTENTIAL
OF THE INTERACTION OF A PARTICLE
WITH A SURFACE

As in the case of aflat surface [4—7], the dynamic
potential of the interaction of an atom with asurfacein
the dipole approximation can be represented in the
form of the sum of two independent parts:

_ _1. _ _1. P=in 1. in—sp
Uip = -5 [ED= —SHPE"0- 5 [d"E™ -
= U, +U,,

wherethefirst and the second terms are associated with
the spontaneous fluctuations of the dipole moment of
an atom and the electrical field of a surface, respec-
tively.

In order to determine U;, let us expand the d=(t)
operator in the Fourier integral and substitute it into
expression (7), together with the operator of the electric
field at the point of the particle location EM(R, O, Vt),
and then expand the resulting correlators of the dipole
moment in a conventional manner with the use of the
fluctuation-dissipative theorem (cf. with [6, 7]):

WP (w)dP(w)O= 2115,,0(w + w')
x ha"(w) coth(wh/2kgT).

Taking into account the analytical properties of the
functions a(w) and (w), which are associated with the
evenness of the real parts and the oddness of the imag-
inary parts, after a succession of transformations, we
bring the expression for U, to the form

ZT?RZ Y [feedkKiKR

x [n® = (kR)® + (KR)*®2(kR)] coth(wh/2ks T)
x 0"(W) [An(w—KV) + Aj(w + kV)],

where ®,(2) = d/dzInK,(2) isthe logarithmic derivative
of the Macdonald function. The functions a(w) and
A(w) with one and two primes in expression (9) and
others designate their real and imaginary parts.

In order to find the potential U,, we expand the d"(t)
operator in the Fourier frequency integral and E® in the
Fourier integral with respect to w and k and then in a
Fourier seriesin terms of the angular variable ¢. Then,
we substitute the results in expression (7). Proceeding
further in a manner identical to the case of the deriva-
tion of asimilar expression for aflat surface [6, 7], we
obtain the following expression for a spectral correla-

(8)

UsR V) = —
©)
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tion function of the electric field (at the point of the
location of the particle (r = R)) which arisesin the pro-
cess of calculation:

(EXRETAR) = (2m)°3(00+ 00)3(k + K
x 2 oth(oofi/ 2k T m K2(kR
RzCO (wh/2Kg )Z n(KR)
x [ + (KR) + (KR)*®(KR)] An ().
Employing expression (10), integrating the expression
for the potential with respect to variables w' and k', and

taking into account the analytical properties of the
polarizability and the dielectric function, we have

(10)

U,(R, V) = —%Rzzw [[dodkki<R)

11
x [n° + (KR)® + (KR)*®Z(kR)] coth (w#i/2kg T) (D

xAr(w)[a'(w—-kV) + a'(w+kV)].

Finally, summing expressions (9) and (11), we obtain
the net result

A
TR

x [n° + (KR)? + (KR)*®2(kR)] coth (w#i/2kg T)
x (Ap(w)[a'(w—kV) +a'(w+kV)]
+a"(W) [ A0 —KV) + A(w + KV)] ).

A prime over the summation symbol in formulas (11)
and (12) (and aso in similar formulas in the following)
implies that the term with n = 0 is taken with half
weight. Theintegration iscarried out with respect to the
frequencies and values of the wave vectors which are
both positive. The deduced result generalizes the
known expression for the static potential of the van der
Waals attraction of aneutral spherically symmetric par-
ticletoacylindrical surface at zero temperature [9-11].
In fact, assuming that V=0 and T = 0in formula (12),
we obtain

Uin(R, V) = —

< dwdkK2(kR)
nZO I

(12)

w0 ©

Z' IdkKﬁ(kR)

n=0 o

2%
TR

U int( R) = -
(13)

[

x [n° + (kR)* + (KR)’®Z(kR)]Im Idwa(oo)An(w).
0

After rotating the integration contour through 90°, the
frequency integral in formula (13) is put in the form

(<) [

Im '(l)’ dwa(w)A(w) = { dwa(iw)A,(iw).
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Hence, taking into account formula (6), formula (13) is
brought to a form which coincides with the results
obtained in [9-11]:

2h

Uint(R) = _T[sz

0 00

x 3 [AKKKRIIN" + (KR)” + (KR’ DIKR)] (14
y a(iw)(e(iw) —1)1(ka)l (ka)
.([ e(iw)K (ka)l (ka) — K (ka)l ,(ka) @

4. CALCULATION OF THE FRICTIONAL FORCE

In the case of stationary motion, the lateral force
acting on a particle (frictional force) is associated with
the Joule dissipation of the fluctuation electromagnetic
field energy per unit time:

dw

—gt = FV = [OEdr

= IE]spEi”Eﬁr +IE]i”EsprIr.

(15

Individual terms in formula (15), as well as in for-
mula (7), are determined by the contributions of the
fluctuating dipole moment of an atom and of the fluctu-
ation electromagnetic field of the surface, respectively,
where j% = gP®/dt, P¥ is determined by formula (1),
and " is expressed via E® by alinear integral relation-
ship. Carrying out cal culations similar to thosethat were
performed for the attractive potential and taking into
account the fluctuation-dissipation relationships (8) and
(210), we obtain

F(R V) = T—{%\—/ i [ ddkkiR)
n=0

x [n” + (KR)? + (KR)*®*(kR)] coth (0oi/ 2k T) 16
x{ (w+KkV)[A(w)a"(w+KkV) = A (w+ kV)a"(w)]
+(w—kV)[AL(w)a"(@—KkV) = Al (w—KkV)a" ()] } .

Formula (16) generalizes the result of the work [8] to
the case of finite temperatures and arbitrary nonrel ativ-
istic velacities. The structure of the expression in
bracesinformula(16) [and in formula (12)] isthe same
as in the calculation of the frictional force (and the
attractive potential) in the case of aflat surface[6, 7].

5. AN ATOM MOVING
IN A CYLINDRICAL CHANNEL

Let us now consider the motion of a particle in a
cylindrical channel (see Fig. 1b). Weretain all designa
tions similar to those employed in the case demon-
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strated in Fig. 1a, but since now a > R, thevalueof his
determinedash=a—-R.

Without copying the details of the calculations sim-
ilar to the case of a convex surface, we note that final
expressionsfor the attractive potential and thefrictional
force are obtained from formulas (12) and (16) by a
simple replacement of the Macdonald functions by the
modified Bessel functions and vice versa. This results
in the expressions

Un(RV) = — dwdkl 3(kR)

x [n® + (KR)? + (KR)*W(kR)] coth(wh/2ks T)

s (17)
x (Bn(w)[a'(@=KkV) + a'(w+kV)]

+ o"(W) [ A0 — KV) + An(w + KV)]),

F(R V) = T[ff; doodk 2(kR)

x [n? + (kR~)2 + (kR)*W(kR)] coth (w/i/2kg T) (18
x { (00 + KV)[An(@)a"(0 + KV) — An(w + kV) o"(w)]
+(0-kV)[An(@)a"(@—KkV) - An(@—KV)a"(w)]),
where W, (2) = d/dzinl(2) and An (w) hasthe form

(e(w) — 1)K (ka) Ky(ka)
g(W) K (ka)l (ka) — K (ka)l(ka)

An(w) = (19)

Formula (17) also generalizes the results of the works
[9-11] which were obtained for a static attractive
potential in acylindrical channel at T = 0, and it allows
one to carry out the calculation of the van der Waals
potentia for finite velocities and temperatures. Indeed,
assumingthat V=0and T = 0in formula(17) and per-
forming transformations similar to those executed dur-
ing the derivation of formula (14), we obtain aformula
identical to those presented in [9-11],

__2h
Uin(R) = 2
x z' J’dkl 2(KR)[n” + (KR)? + (KR)*WAkR)] (20)
n=0 o
N “ a(iw)(e(iw) — 1)K (ka)K (ka)
.([ e(iw)l(ka)K (ka) — I (ka)K ,(ka)

The passage to the approximation of small veloci-
tiesin formulas (12) and (16)—(18) is carried out simi-
larly to the case of aflat surface [4—7]. For example, in
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the linear approximation with respect to the velocity,
formula (18) isrearranged to the form

_ _2mv
F(R V) = =
w (21)
x § [KCLKIN + (kR)” + (kR)*W3(kR)] dk,
nZOJ’
CiK) = I7(kR)
dAn(w) da"(w)
J’dwEQ[O( (@) R A () } .

+w[a"(w)d An(oo) _A ( )d a (m)} othd wWh ]

Dk, 10

L et us note that the dependence of the coefficient C,(K)
on the wave vector is determined not only by the factor
before the integral, but also by the corresponding
dependence of the functions A, (w) [see formula (19)].
By and large, the expansion of the lateral forcein terms
of thevelocity contains only odd powers and the expan-
sion of the normal force of the attraction to the surface
involves only even powers (beginning with the zero
power).

In order to carry out practical calculationsaccording
to formulas (21) and (22), it is appropriate to remove
the factors depending on the wave vector in the numer-
ator and denominator in the A, (w) function, by com-
bining them with the square of the Bessel function

12 (X), after which formula (22) takes the form
Co(K) = AK)

x"" O D (0, K) da da’(e)
{dw%Q[O( (@~ Dl 9 |

2 (23)
+w[a"(w)d—D“(‘;” R APELAC (‘*’)} 0
0 dw U
% coth 197 0
COthEiZkBTD
_ g(w)-1
D, (w,k) = Ims—(oo)+ B9’ (24)
ALK = 15KR)K (ka)/I (ka), (25)
Bn(k) = _M (26)

K (ka)l,(ka)’

It is an easy matter to demonstrate with the asymp-
totics of the cylinder functions that when ka and kR > 1,



578

we have W2 (kR) — 1, By(K) — 1, and A (k) —~
exp(—2kh)/2kR. In this case, the dependence of the inte-
grand obtained in formula (21) on h and on g(w) isthe
same as in the case of a flat surface. Nonetheless, the
passage to the limit of the flat case, when R — o, is
not a trivial one, since the terms with large indices n
contribute significantly to the sum of the cylinder func-
tions in the right-hand side of formula (21). The sum-
mation of this seriesis a separate problem.

If we disregard the possible effect of the tempera-
ture on the (w) function, the linear temperature depen-
dence of integral (23) manifestsitself only in the range
of low frequencies when coth(wh/2kgT) — 2kg T/wi.
In the case when the absorption spectra of the particle
and the surface overlap in the high-frequency range, we

have coth(w#/2kgT) —» 1. Carrying out integration by
partsin formula (23), we obtain

dD, (e, K)

Co(K) = 2A, (k) fdoar"(6) —5 == 27)
0

dw

Hence, there always exists a finite frictional force at
T=0.

6. CONCLUSION

Thus, employing a minimum of constraints, we
derived the most general nonrelativistic formulas for
the conservative (attracting) and dissipative (retarding)
fluctuation el ectromagnetic forces exerted on a neutral
atom moving paralldl to the generatrix of a cylindrical
surface. The derived formulas allow one to calculate
these forces for arbitrary velocities of the particles, the
temperature of the surface, and the dielectric properties
of the particle and the surface. When both the velocity
and the temperature vanish, the formulas for the con-

PHYSICS OF THE SOLID STATE \Vol. 43

KYASOV, DEDKOV

servative potential (van der Waals potential) coincide
with the known results of other authors.

The expansion of the fluctuation forcesinto a power
seriesin terms of the velocity proceeds by even powers
for the attracting (conservative) forces and by odd ones
for the dissipative forces, which is similar to the case of
aflat surface when there exists a nonzero contribution
to both forcesat T = 0.
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Abstract—The changes in the real structure of CdTe monocrystals caused by the thermal action of a high-
power laser pulse (1.6-1.97 Jem?) were studied by high-resolution x-ray topography and diffractometry meth-
ods. It was shown that, under our experimental conditions, in a thin surface layer within the crystal region
exposed to theradiation, adislocation cell structure with anincreased dislocation density and with considerable
micromisorientations, in comparison with the crystal region unexposed to the radiation, was formed. The char-
acteristics of this modified crystal region were determined, and the thickness of the layer with the changed
structure was estimated. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

L aser-stimulated impurity intrusion into materialsis
amodern technological operation, and it islargely used
in optoelectronics for the creation of different device
structures. However, this procedure is accompanied by
heat action which may cause changesin the real struc-
ture of the materia and in the corresponding e ectrophys-
ical properties. Therefore, it is of consderable interest to
study the structure of crystals exposed to radiation. A spe-
cific feature of the laser-stimulated impurity intrusion into
CdTe monocrydtals is the heating of only a thin surface
layer [1]. Thus, the structure is changed only within this
surface layer. It was shownin [2, 3] by the x-ray topogra-
phy method that an increasein the laser beam power from
0.3t0 16 Jcm? leadsfirst to a decrease in the number of
structural imperfections of the crystal surface layer
exposed to radiation, which is due to annealing of the
surface defects. Then, there occurs deterioration of the
structure, which is accompanied by the formation,
devel opment, and degradation of an ordered network of
fine twins. Further on, this network is transformed into
a dislocation cell structure. This cell structure of an
irradiated region cannot be resolved in detail by thesin-
gle-crystal inverse reflection method for low angles of
incidence of the x-ray beam. Only the use of the two-
crystal method allowed one to identify the features of
thisstructure. To improve the resolution for observation
of the structure details, we used the two-crystal topog-
raphy method with a low dispersion of the incident
beam. This technique was utilized in order to find the
optimal conditions for the crystal filming and then to
use combined high-resolution x-ray diffractometry
methods in order to obtain additional quantitative data
about the structure under study for its full description.

At high beam powers, the changes in the CdTe
structure induced by the heat action of pulsed laser
radiation, in the impurity injection regime, are associ-
ated with recrystalization, that is, instant melting and
further crystallization of the thin surface layer. In calcu-
lations, the thickness of the melted layer is usually
determined from the laser power and thermophysical
properties of CdTe. A wide range of data on this thick-
ness can be found in the literature [1, 4]. There is even
less information on the layer thickness in which the
structure changes, despite the fact that this information
is of undeniable interest, since it is necessary for the
development of different devices. We have not been
able to determine this thickness by topography meth-
ods; however, thereis hope that it can be done by using
high-resolution x-ray diffractometry [5].

1. DESCRIPTION OF EXPERIMENTAL SAMPLES

Crystals grown from the melt in the nongradient
heat field of afurnace [6] wereinvestigated. The 8 x 8 x
1.5 mm-size samples were cut from monocrystal plates
oriented parallel to the (111) plane. The sample surface
was prepared by means of mechanical grinding and
polishing with further long chemical etching, in order
to remove the damaged layer. Samplesfor investigation
were chosen by means of estimation of their real struc-
ture using the x-ray back reflection method [2]. The
samples chosen did not contain blocks and had the most
homogeneous structure. However, they contained sub-
grains and low-angle grain boundaries. They were
characterized by the presence of microstressesand by a
mean dislocation density of about =10° cm™, which is
typical of the best CdTe crystals grown from the melt.

1063-7834/01/4303-0579%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Tablel. Calculated angular dispersion D of aworking beam and the hal f-width w of the two-crystal reflection curvefor deter-

mination of the optimal conditionsfor CdTe crystal filming

Monochromator CdTe sample, (111)

Crystal, orientation| hkl, geometry Wy, arcsec —m, hkl Wy, arcsec D, arcsec ), arcsec
Ge(111) 111, ac. 31 620, ac. 18 72 72.1
Ge(111) 333,c. 4.2 620, ac. 18 10.8 154
Ge(211) 422, c. 10.0 620, ac. 18 20.0 225
Si(100) 400, c. 34 620, ac. 18 47.0 47.2
Si(211) 422, c. 2.8 620, ac. 18 144 15.3
Si(111) 331, ac. 1.25 422, ac. 35 54 6.7

A pulsed OGM-40 laser with aruby head (wavelength
A = 0.694 um, absorption coefficient K = 6 x 10* cm?)
was used to irradiate the samples. The pulse duration
was 20 ns. To focus and to homogenize the radiation
over the beam cross section, a quartz focon having the
form of atruncated cone was used. Its input end had a
mat surface, and its output diameter was 0.7 cm. The
sample was placed at a distance of 0.05 mm from the
focon output end. The 1.61-1.97 Jcm? radiation pow-
ers were used. The irradiated region had the form of a
circlewith adiameter of 0.7 cm.

2. METHODS OF INVESTIGATION

High-resolution x-ray topography and diffractome-
try methods in the Bragg geometry were used in our
studies. The two-crystal method with the n, -m scheme
was utilized [5] for topographic studies. The resolution
of defect imagesisimproved in this method with low-
ering of the dispersion of the working beam and with
the decreasing width of the two-crystal reflection curve.
Thisallowed usto determine the optimal conditionsfor
crystal filming, first, by means of calculations and, fur-
ther on, by experimental realization.

The working beam dispersion D and the half-width

of the two-crystal reflection curve w were calculated
according to formulas of the dynamic x-ray diffraction

theory [7]:
D = ANA(tanB,,—tanB,), Q)

w = (w4 +wi+ D)7 @

where
W o = 2Cxp/siN(6+a)/sin(6—a)e™/sin20. (3)

Here, ANA isthe wavelength dispersion for the CuKa,
ling; B,, and 6, are the Bragg angles for the monochro-
mator and the sample, respectively; w,, and wy, are the
half-widths of the reflection curves of the monochro-
mator and the sample, respectively; C is the polariza-
tion factor; X, is the Fourier component of polarizabil-

ity; eM is the heat multiplication factor; and a is the
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angle between the reflecting plane and the crystal sur-
face. The calculation data are summarized in Table 1.

The optimal conditions for the improvement of the
resolution of the structure details corresponded to the
last line of Table 1. It was found experimentally that for
the asymmetric reflection 331 from a perfect Si crystal
(for the (111) surface orientation), it was possible to
obtain aworking x-ray beam with alow angular diver-
gence and relatively high intensity. When the asymmet-
ric reflection 422 from a CdTe sample was used, it was
not necessary to scan the crystal and the photographic
plate during the exposure.

The two- and three-crystal methods were utilized
for the diffractometric studies. Both the 111 and
333 reflections in the symmetric Bragg geometry and
the 620 reflection in the asymmetric geometry for the

CuK, -radiation were used. For the three-crysta

method, the reflection curves were recorded for the 6-
and 8—26-scanning modes.

3. EXPERIMENTAL RESULTS

(1) Nonirradiated samples. The initial nonirradi-
ated samples were inhomogeneous over their surface
and were characterized by a mosaic structure. The frag-
ment sizes ranged from 0.4 to 1 mm. The misorienta-
tion of fragmentswas of the order of 10"—20". The sam-
ples contained low-angle grain boundaries and isolated
inclusions (probably, of Te), and there were macros-
tresses in them. The inclusions were of the dislocation-
cell type. The cells had an irregular form. The average
linear size of the didocation cells was 40-50 um; the
mean dislocation density, according to the topographic
studies, was approximately =10° cm.

The shape of two-crystal scanning curves of the ini-
tial samples was varied when shifting along the crystal.
It followed from the analysis of the three-crystal 8 and
0-26-scanning curves that there were no gradients of
the interplanar spacing along the normal to the surface
and that the shape of the scanning curves was deter-
mined by the misorientation of the crystal fragments
due to the residual macrostresses and to the inhomoge-
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Table 2. Half-widths (wy ¢_5¢) Of diffraction curves and the density of chaotic (p) and small-angle-boundary dislocations ©H

CdTesample | g™, arcseC | g ag, AICSEC | o, AICSEC | Waag,arcsec | p,105cm™? | pct, 108 cm
Initial 21 21 38 14
No. 1 141 31 110 46 0.5 35
No. 2 250 38 119 55 16 6.3

neously distributed dislocations. At the same time,
measurements of the three-crystal curvesin the scheme
with the fixed position of a sample and with a rotating
analyzer, which allowed one to distinguish the dynamic
and incoherent components in the diffracted radiation
intensity, showed that the scattering is totally incoher-
ent in the 111 reflection (CuK, radiation, absorption
depth 1.7 um). An analogous result for chemically and
mechanically polished samples of CdTe was obtained
earlier in [7]. It indicated the presence of a disordered
surface layer formed as aresult of insufficient chemical
polishing.

(2) Irradiated samples. The irradiated region with
adiameter of 0.7 cm was characterized by an increased
reflected x-ray intensity in comparison with nonirradi-
ated regions of the sample. The structure of the irradi-
ated region was not revealed when studied by the sin-
gle-crystal back reflection method. When the two-crys-
tal method was used, according to the n, —-m scheme,
with the Ge monocrystal as a monochromator in the
111 reflection for CuK, radiation, the structure of the
irradiated region wasreveal ed and it was presumably of
the fine dislocation-cell type. The high-resolution topo-
grams, obtained using the Si crystal in the 331 asym-
metric reflection, provided support for the cell charac-
ter of the dislocation structure in the irradiated zone.
The dislocation cells had an irregular form, and their
mean linear size was 1520 um. Thisis 2.5 times|lower
than the dislocation cell sizein the bulk of crystals and
outside the irradiated region. The average density of
dislocations inside the irradiated region was estimated
to be approximately =10° cm=2. Due to the higher dislo-
cation density and to the smaller dislocation cell sizes,
the structural homogeneity in the irradiated zone was
higher than outside it and than in the original crystals.
For a low angular dispersion of the working beam,
some fragments of the irradiated region ceased to con-
tribute to the reflection.

The data of the diffractometry investigation are
shown in Table 2.

The values of the half-width of the reflection curves
outside the irradiated zone are represented in thefirst line
of Table2. The half-widthsfor the 111 and 333 reflections,
calculated by means of the dynamic theory of x-ray scat-
tering, areequal to 20.7' and 4.7, respectively. Theval-
ues of the half-width of the reflection curves for two
values of the radiation power of alaser beam are given
in the second and third lines of Table 2.
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Almost al studied samples possess an imperfect
surface layer, which is probably due to insufficient
chemical polishing.

Thelaser radiation leads to considerabl e broadening
of the Bragg curves, which suggests that the dispersion
of the reciprocal lattice vector isincreased, mainly due
to misorientation. The structure homogeneity, in gen-
eral, is higher insde the irradiated region than outside it.
This is because the coherent-scattering regions become
finer. Theinitia crystas, aswell astheregions outside the
irradiated zone, are characterized by a mosaic structure
with fragment misorientation on the order of 10"-20".
The fragment size is about 0.4-1.0 mm. The lattice
parameter remains unchanged.

Firgt, we estimated the density of didocations, accord-
ing to [8], by assuming their chaotic distribution:

p = w/4.35b°, (%)

where b = 0.458 nm is the Burgers vector of disloca
tions.

The corrections, which take into account the intrin-
sic half-width of the diffraction curves and the sample
bend, were added to the experimental values of the
half-widths. For the structures of all samples studied,
the model of the chaotic distribution of dislocations
gives increased disocation densities up to 0.5 x 108 cm?
for the laser radiation power of 1.61 Jcm? and up to
1.6 x 10® cm for the 1.97 Jcm? power. However, the
topographic studies detect such a dislocation density
neither intheinitial nor intheirradiated crystal samples
and indicate the structure for which didocations are
mainly gathered inside the walls of dislocation cells.
Then, we used a model in which didlocations produce
small-angle boundaries inside the micrograin (or cell)
walls. The dislocation density can be calculated in this
case by using the formula[9]

p® = w’/(2.1bty), (5)

where the value of the spacing between boundaries 1,
was taken from the data on topographic investigations.

Analysis of aconsiderable broadening of the reflec-
tion curves for irradiated crystals in comparison with
theinitial crystals revealed that the principle reason for
thisis the misorientation of the diffraction planes or of
the coherent scattering regions (cells).

When analyzing the diffraction data, we took into
account different x-ray absorption depths, 1.7, 5.0, and
1.5 um for the 111, 333, and 620 reflections, respec-
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tively. Similar values of the absorption depth and of the
half-width of the scanning curves for the 111 and
620 reflections, on the one hand, and the abrupt fall of
the anisotropy for the reciprocal lattice site for the
333 reflection, on the other, alow us to consider that
the diffracted intensity of the 111 and 620 reflectionsis
mainly determined by the surface layer whose structure
isdifferent from that of the crystal bulk. The 333 reflec-
tion intensity is also determined by the sample region
being below thislayer. Thus, the thickness of the crystal
layer that has astructure modified by laser radiation can
be evaluated as the x-ray absorption depth for the 111
and 620 reflections, i.e., avalue of about 1.5 pum.

4. DISCUSSION OF RESULTS

We note agood correspondence of the data obtained
by the topography and diffractometry methods. A sin-
gle exception isthe evaluation of the density of disloca-
tions by supposing their chaotic distribution. For a cor-
rect estimation of this characteristic of the dislocation
structure, the correlation of the diffractometric and
topographic results of our investigation should be
assumed. To our mind, thisis due to the fact that in the
5 x 10*-1 x 10® cm dislocation density interval, acha-
otic distribution of dislocations in the bulk crystals is
rarely observed. The dislocation cell structure with the
didlocation arrangement in more or less dense networks
at the boundaries of irregularly shaped cells is more
common. Under certain conditions (in the course of
epitaxy, impurity diffusion, etc.), regularly shaped cells
can arise as elements of a misfit dislocation network.
However, the distribution of dislocations is far from
being chaotic in this case. This should be taken into
consideration when estimating the dislocation density
onthebasisof areal crystal structure by indirect (rather
than direct) methods.

Thus, we observed that, due to the action of the 1.6—
2.0 Jem?-power pulsed laser radiation, achange in the
real structure of an approximately 1.5 um-thick surface
layer took place. The irradiated crystal can be consid-
ered as some kind of asandwich. The greater part of its
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bulk has atypical large-sized dislocation cell structure,
but the thin surface layer has a fine disocation cell
structure with an increased dislocation density and with
considerable micromisorientations of the cells. The lat-
ter structure occurs quite rarely. That is why it is of
interest to study itsrolein processes of |aser-stimulated
injection of different impuritiesand in optical and some
other properties of materials [10].
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Abstract—Diffusion of nickel in copper was studied experimentally in a temperature range of 250-375°C in
the “ coating (nickel)—metal (copper)” system using aradioactive isotope %Ni. Anomalously high values of the
diffusion coefficients and an anomalously low value of the activation energy were found. To explain the effect,
anew way of describing the diffusion phenomenain the vicinity of the interface of two metallic mediais sug-
gested, which takesinto account the presence of high gradients of chemical potentials near the boundary. Based
on the principles of nonlinear thermodynamics of irreversible processes, a system of differential equations of
diffusion in the vicinity of the interface was obtained. Analysis of the kinetics of the diffusion zone formation
revealed that chemical-potential gradients significantly accelerate the diffusion process in the vicinity of the
interface. A comparison of the calculated kinetics of the formation of a diffusion zone with that obtained upon
the experimental investigation of diffusion shows their qualitative agreement. © 2001 MAIK “ Nauka/Interpe-

riodica” .

INTRODUCTION

In practice, there are frequently encountered metal-
lic systems containing various interfaces, e.g., coatings
on metallic surfaces, bimetallic compositions, contacts
of details made of unlike materias, etc. In many cases,
such systems are subjected to additiona treatments to
improve their physical and mechanical properties, or their
sarvice regime corresponds to enhanced temperatures,
which causes diffusion redistribution of the components
of the contacting metallic materials. On the whole, awell-
developed theoretical apparatus exists a present to
describe processes of this type, which permits one to
make sufficiently reliable predictions [1].

At the same time, when studying diffusion pro-
cesses in metal—coating systems at low temperatures,
experimental data were obtained in some cases that
indicated adeviation from the known laws. Thus, based
on the investigations of diffusion in various irradiated
metal—coating systems, it was, e.g., established [2] that,
upon the irradiation of the Mn-coated Ni—10% Mn
aloy with gamma photons at room temperature, the
diffusion coefficient is close in order of magnitude to the
coefficient of thermal diffusion a 850°C. Similar results
were observed on other metals with coatings. In terms of
radiation-stimulated diffusion, such an increase in diffu-
sion coefficients could not be explained; therefore, an
assumption was made that the nature of the observed
effect is related to the presence of concentration gradi-
ents of the alloy componentsin the vicinity of the coat-
ing—metal interface.

The aim of thiswork isto experimentally study dif-
fusion in metal—coating systems at low temperatures

(below 500°C) and to theoretically describe diffusion
processesin regions adjoining the interface with allow-
ance for large gradients of the component concentra-
tions.

1. EXPERIMENTAL INVESTIGATION
OF DIFFUSION
IN THE METAL—COATING SYSTEMS!

Theexperimenta investigation of diffusioninthe pres-
ence of large concentration gradients was performed with
the help of the absorption radiotracer method [3]. The
essence of the method is as follows. A sample is covered
with a coating containing aradiotracer and is subjected to
controlled annedlings, then, the kinetics of the activity
decay at the surface is studied (the decay is due to the
absorption of the radiation of the tracer because of its
diffusive penetration into the bulk of the sample during
the diffusion annealing). The diffusion coefficient is
determined from a comparison of the experimental and
theoretical kinetic dependences.

As the samples for the investigation, we used poly-
crystalline copper; as a coating, nickel was employed,
which was |abel ed with aradioactive isotope Ni, hav-
ing a soft B radiation, and was applied electrolytically
onto one of the surfaces of the sample. The coating
thickness was 0.02 pum. Annealings were performed in
avacuum chamber. The temperature range of diffusion
annealings was between 250 and 375°C. The annealing
duration was 4-4.5 h. Despite the relatively low diffu-
sion temperature and relatively short duration of the

L Thiswork was performed in cooperation with V.A. Lazarev.
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Fig. 1. Experimental and theoretical (Eq. (1)) dependences
of the intensity of radiation from a sample for various tem-
peratures of diffusion annealing: (1) 250, (2) 300, (3) 350,
and (4) 375°C.
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Fig. 2. Temperature dependence of the diffusion coefficients
of nickel in copper: (1) according to [5] and (2) obtained in
this work.

diffusion annealing, the large sensitivity of the tech-
nique employed [4] permitted us to obtain reliable
kinetic dependences of the variation of activity. The
experimental  kinetic curves were compared with
atheoretical dependence of the radiation intensity of
the form

- fDI—XD 0l + X7 :
© _{[er Ebﬁﬂ+ erf[bﬁm]exp( px)dx
1(0) @
21 fexp(—ux)dx
|

(D)

where 1(0) isthe intensity of radiation from the sample
at theinitial time moment, I(t) isthe current intensity of
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radiation from the sample, | isthe thickness of the coat-
ing, X is the coordinate, D is the diffusion coefficient,
tisthetime, and p is the absorption coefficient for the
B radiation of ®Ni (1 = 25000 cm™?). The results of the
comparison are shownin Fig. 1. An analysis of the data
shows that the experimental kinetic curves do not cor-
relate with the theoretical linear curves for the entire
time of diffusion annealing in the temperature range of
250-375°C. This difference is especially noticeable at
the first stages of the diffusion annealing. One of the
causes for such a behavior may be the dependence of
the diffusion coefficient on time.

However, from the curves of the comparison of
experimental and theoretical kinetic dependences (Fig. 1),
we can arbitrarily distinguish a certain time moment
beginning at which the indicated dependence can satis-
factorily be considered to be linear with a constant
value of the diffusion coefficient. Such an operation
was performed and is shown in Fig. 1. The temperature
dependence of the diffusion coefficients calculated
without allowance for the initial stages of the diffusion
annealing isdisplayed in Fig. 2 (curve 2). It is seen that
it can satisfactorily be described by the well-known
exponential Arrhenius law D = Dyexp(—Q/RT). For the
above temperature range, we have D, = (7.57 £ 0.16) x

10 ecm?#sand Q = 10.5 + 2.5 kcal/mol. For compari-
son, Fig. 2 displays (curve 1) data for the diffusion of
nickel in copper in the temperature range of 743—
1076°C [5] (Dy = 2.7 cm?/s, Q = 56.5 kcal/mol). The
extrapolation of the indicated temperature dependence
into the region of low temperaturesisgivenin Fig. 2 by
the dashed line. The comparison of the activation
energy of diffusion for nickel in copper obtained in this
work with literature data showsits significant (by more
than a factor of five) decrease. Thislevel of the activa-
tion energy of diffusion is anomalously low; it isinter-
mediate between the energies of migration of vacancies
(15 keal/mal) and interdtitials (Cb  kcal/mol) [6].
Depending on the temperature, the diffusion coefficients
of nickel obtained by usare lower by 7—13 orders of mag-
nitude than those interpolated from literature data.

The high diffusion mobility of nickel in polycrystal-
line materials at low temperatures can be explained by
the operation of several mechanisms (grain-boundary
diffusion, diffusion via defects, etc.). However, the pre-
dominance of grain-boundary diffusion at low temper-
atures leads to a decrease in the activation energy only
by afactor of 1.4-2.8 [7]. If we take into account that
thetransition layer between the coating and the metal is
strongly defective, we may assume that this can facili-
tate diffusion processes. However, the results of [8]
indicate that the activation energy of nickel diffusion
via defects is [26.6 kcal/mol, which is greater by a
factor of 2.5 than that obtained in our experiments.

One more mechanism of acceleration of diffusionis
the effect of high gradients of chemical potentialsinthe
vicinity of the interface.
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2. THEORETICAL DESCRIPTION
OF DIFFUSION PROCESSES
IN THE COATING-METAL SYSTEM
WITH ALLOWANCE FOR HIGH
CONCENTRATION GRADIENTS
OF COMPONENTS

A detailed analysis of diffusion processes in the
presence of large gradients of concentrations and chemi-
cal potentials requires a specia approach; the usual ways
of description of diffusion processes cannot be used inthis
case. We write, proceeding from the principles of thermo-
dynamicsof irreversible processes[9], the expression for
the diffusion flux of the component min the form

1
—JIn = szjDUj 3 z L mjkn MG T - @
j

j»kn

(m,j,k,n=A,B,V),

where L; are the Onsager coefficients, L, are the

kinetic coefficients, (g, c, Cy) arethe chemical poten-

tials, and ¢, are the concentrations of the component m.

Theindices A, B, and V correspond to the meta of the

coating, the metal of the base, and the vacancies,
respectively.

Going from the gradients of chemical potential to

gradients of concentration,

_ < 9
Uy, = > 3¢, g,
J

and using the condition of normalization for the con-

centrations,

Zcm =1, (m=AB,V), (4)

(mj=ADBYV), (3)

we write the expression for the diffusion fluxes in the
form

—Jm = > DmOc;, (M j=AB,V). ®)
j

In this expression, we have

—_ (k=0,a& m=n
Dmn = (-1)cyR ., ’
m = (Z1)ev Ekzl,atmin

(mn=A,B),
Dav = —CaRav, (6)
Dev = —CgRay,
o+ On(0€2)° + Brn(0IC),
(mn=AB,V),

where 1, 0., axd B,, are the combinations of
Onsager coefficients and derivatives of chemical poten-
tials with respect to the concentrations of the compo-

Rmn =
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nents. In addition, the diffusion coefficients D, are
related as follows [10]:

gﬁmp\ = O, %Dmg = O, gﬁmv = O, (7)

(m= A B,V).

Using Egs. (4)—6) and taking into account the con-
ditions of the limiting transition to a quasibinary sys-
tem, we can show that the set of equations of diffusion
of the components in the vicinity of the coating—metal
interface is written as

0% _ 0y 9%0 0 950
FI a_anAA ax D‘a_xEDAV ax

Tl 2 N e
CatCgt+Cy = 1.

Here,

- B B = [PCarf
DAA - DAA_DAB - CV DA+|GAA_GBB|DWD y

Dy, = Dva—Dys = Cy(Da—Dg),
DVV = BVV_BVB = CADA+(1_CA_CV)DB'

D,, (m=a, B) are the coefficients of the mobility of the
component m and o, and agg are the kinetic coeffi-
cients.

The set of eguations (8) is nonlinear; therefore, we
used numerical calculations to analyze the kinetics of
the formation of a diffusion zone in the vicinity of the
coating—metal interface. The calculations were per-
formed using the finite-difference scheme for the
approximate solution of systems of nonlinear differen-
tial equations of the parabolic type [11].

The set of equations (8) was solved for two variants
of the model of the interface: (i) the interface between
two homogeneous semibounded media; and (ii) the
interface between a thin coating and a semibounded
medium.

2.1. Diffusion in the Vicinity of the Interface
between Two Homogeneous Semibounded Media

Diffusion calculations for the model of the interface
between two semibounded media were performed for
the set of equations (8) with theinitial conditions

CA(X! O) = C;]Q-u CV(Xl 0) = CiL/l (_00 <Xs 0)1 (9)

ca(x,0) = ca, Cy(x0) =5, (0<Xx<+w)
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Fig. 3. Distribution of (a) the component A and (b) vacan-
cies in the diffusion zone in the vicinity of the interface
between two semibounded media as a function of time: t =
(2) 1.25, (2) 12.5, (3) 125, (4) 1250 s, and (5) initia distri-

bution. D = 1 x 107 cm%s, Dg = 1 x 1070 cm?fs, ¢y =

¢, =5x10° anda = 1077,

and boundary conditions

CA(_OO’ t) = CJA! CV(—OO,t) - Cill!

Yo
Cv,

Cal+0, 1) = Ca,  Cy(+, 1)

where c;, istheinitial concentration of the component A
in medium 1, cf\ istheinitial concentration of the com-
ponent Ain medium 2, c\l, istheinitial concentration of

vacanciesin medium 1, and c\z, istheinitial concentra-
tion of vacanciesin medium 2.

The solution of the set of equations (8) with the ini-
tial and boundary conditions (9), (10) was solved for
various rel ations between the coefficients of mobility of
the components. The cases D, = Dg, Do < Dg, and
D, > Dg were considered. The initial concentration of

vacancies in both mediawas the same; i.e,, ¢l = ¢/, .

The effect of the magnitude of the gradient of con-
centration of the component A on its diffusion redistri-
bution in the vicinity of the interface was studied by
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specifying various values of the kinetic coefficient o =
|aan — Oggl- The results of the calculations indicate a
substantial effect of the kinetic parameter a and of the
gradient of concentration of the component A on the
diffusion processes in the vicinity of the interface. As
the parameter a increases, the zone of the redistribution
of the components increases for any relationship
between the mobility coefficients. Note also that the
allowance for the gradient of concentration of the com-
ponent A in the set of equations (8) noticeably changes
the form of the kinetic dependences of diffusion in the
vicinity of the interface. For a = 0, the coordinates of
points with a given concentration are proportiona to

Jt. If a # 0, the kinetic dependences deviate signifi-
cantly from this law. The most intense development of
diffusion processes near the interfaceis observed at the
initial time moment, when the effect of the gradient of
concentration of the component is particularly notice-
able. As the diffusion time increases, the effect of the
gradient decreases. This is connected with the magni-
tude of the gradient, which is maximum at t — O.
A mathematical treatment of the kinetic curves showed
that for the initial time moments, the coordinate x is

proportional to 4/t.

The calculations showed that, for the cases D, < Dg
and D, > Dg, there is observed a redistribution of
vacancy concentrationsin the vicinities of the interface
of the two semibounded regions considered (Fig. 3b),
which is related to the difference in the mobilities of
atoms in these regions. This difference leads to the
appearance of aflux of vacancies from the region with
a lower mobility to the region with a greater mobility.
The observed distribution of vacancies corresponds to
the idea of Bardeen and Herring that was employed by
them for the explanation of the Kirkendal effect,
according to which a redigtribution of vacancies occurs
with time under the effect of diffusion so that the extremal
points are displaced further from theinterface and the con-
centration of vacancies tendsto fit to the magnitude of the
coefficients of mohility of the components. The zone of
the redistribution of vacancies exceeds the zone of the
redistribution of component A (Fig. 3a).

2.2. Diffusion in the Vicinities of the Interface
between a Thin Coating and a Semibounded Medium

Simulation of diffusion processes in the vicinity of
the interface between a coating and a metal was per-
formed with the use of the set of equations (8) with the
initial conditions

CA(X1 O) = Clj&l CV(X! 0) = Cil-/v (_I <XS0)! (11)
ca(X,0) = ca, Cy(%0) = ¢, (0<Xx<+w)
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and boundary conditions

a1, =0, Jy(-,t) =0,
(12)

Cal+o, 1) = o Cy(*e, 1) = cf,
where | is the thickness of the coating, J, isthe flux of
component A, Jy, is the flux of vacancies, ¢, istheini-

tial concentration of component A in the coating, czA is
the initial concentration of component A in the metal,

c\l, istheinitial concentration of vacancies in the coat-

ing, and c\z, istheinitial concentration of vacanciesin
the metal.

The solution to the set of equations (8) with the ini-
tial and boundary conditions (11)—(12) was performed
for various values of the coating thicknesses and vari-
ous relationships between the coefficients of mobility
of the components. Like in the case of two semi-
bounded homogeneous media, we considered the vari-
ants D, = Dg, D5 <Dg, and D, > Dg. Theinitial concen-
tration of vacanciesin the coating and in the metal was

assumed to be the same; i.e., cy = cJ.

Figure 4a displays the redistribution of component
Ainthediffusion zone for a0.05-pm coating at afixed
time moment without allowance for the gradient of the
concentration (curve 2) and with alowance for this
gradient (curve 3). The mobility of component A is
higher by an order of magnitude than that of compo-
nent B; i.e., the condition D, > Dy is fulfilled. The
allowance for the concentration gradient leads to a
more significant redistribution of the components in
the diffusion zone, which is analogous to an increase
in the diffusion coefficient. The distribution of vacan-
ciesin this zone (Fig. 4b) correlates with the distribu-
tion of component A.

The allowance for the concentration gradient for the
case where the mobility of the component of the coat-
ing islessthan that of the base, i.e.,, D, < Dg, just asin
the case of D, > Dg, leadsto afaster diffusion redistri-
bution of the components in the vicinity of the inter-
face. The distribution of vacanciesin the diffusion zone
in this case correlates with the distribution of compo-
nent B.

At equal mohilities of the components (D, = Dg),
there also occurs an acceleration of the diffusion redis-
tribution in the vicinities of the interface with allow-
ance for the gradient of concentrations of the compo-
nents.

Based on the investigated regularities of the forma-
tion of the diffusion zonein the vicinity of the interface
between the coating and the base metal, we simulated
the kinetics changes in the intensity of radiation from
the surface of the sample in the diffusion experiment.
We assumed that a coating 0.02 um thick of component A
(containing the nickel isotope %Ni) was applied to the
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Fig. 4. Distribution of (&) the component A and (b) of vacan-
cies in the diffusion zone in the vicinity of the interface

between the coating and the metal (Dp = 1 x 107° cm?/s,
Dg=1x 10 cm?s, ¢, = ¢& =5x 105, t=5x 10% s):
(1) initial, (2) for a = 0, and (3) for a = 1077,

metallic base representing component B. Theinitid inten-
Sty of radiation I(t) was determined in accordance with

theexpressionI(t) = o Ca(X, t) exp(—ux)dx, wheret isthe

time, x is the coordinate, p is the absorption coefficient
of the B radiation of Ni, and ca(X, t) is the current con-
centration of nickel in the diffusion zone, which was
determined from the solution of the set of equations (8)
with theinitial and boundary conditions (11), (12). The
calculated values of 1(t) were normalized to the inten-
sity of radiation at theinitial time moment 1(0). Thecal-
culated kinetic curve of the intensity of radiation was
compared, as in the case of the experiment, with the
theoretical curve described by Eq. (1). The results of
the comparison are given in Fig. 5. Note that in the case
where the gradient of concentrations of the components
has not been taken into account, alinear dependenceis
observed (curve 1) between the calculated kinetic curve
and the theoretical one. When the gradient of concentra-
tionwasdlowed for, asignificant deviation of the compar-
ison curve (curve 2) from the linear dependence was
observed. Such a course of curve 2 (Fig. 5) correlates
sufficiently well with experimental data presented in
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Fig. 5. Comparison of the calculated dependences of the
changeintheintensity of radiation at the surface of the sam-
ple with the theoretical curve (Eg. (1)): (1) without allow-
ance for the gradient of concentration of the components
(a = 0) and (2) with alowance for the gradient of concen-

tration (a = 1029). The coating thicknessis 0.02 um, Dp =
Dg=1x10"%cm?s.

Fig. 1 and, to a certain extent, corroborates the assump-
tion on the effect of gradients of concentrations of the
components on the kinetics of diffusion processes in
the vicinities of the interface between two media. This

effect should be especially pronounced at the initia
time moments, when the gradients are large.
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Abstract—The absorption (T = 295 K) and luminescence (T = 5 and 295 K) spectra of films of alkyl and aryl
substituted polysilanes, namely, poly(dihexylsilane) (PDHS) and poly(methylphenylsilane) (PMPS), areinves-
tigated as functions of the time and the wavelength of light irradiation at T,,, = 5 and 295 K. It is shown that the
photodegradation in polysilane films depends on the temperature, irradiation wavelength, and the structure of
side substituents. The absorption of light by short chain segments in polysilanes at room temperature leads to
competitive processes such as the transfer of excitation energy to longer segments, the scission of ¢ bonds
between Si atoms, and the radiationless dissipation of excitation. It isreveaed that, at T;,, = 295 K, the photo-
degradation of PDHS films is accompanied by the transformation of certain chain segments from a low-tem-
perature trans conformation with an ordered arrangement of side hexyl groups to a high-temperature helical
conformation with a disordered arrangement of side groups. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Polysilanes of the general formula [-Si(R,R,)-] are
the organosilicon polymers in which the main chains
consist of Si atomslinked by o bondsand R; and R, are
the side organic groups. These compounds are charac-
terized by a strong absorption in the near UV range,
large quantum yields of luminescence and charge car-
rier photogeneration, high drift mobilities of holes [1—
3], and nonlinear properties [2—4]; moreover, they also
are known as highly sensitive self-devel oping photore-
sists[2, 5].

According to modern concepts [1-3], a polymer
chain in polysilanes, like in Teconjugated polymers,
contains different-sized segments which are separated
by conformational defects. As follows from the esti-
mates, a segment involves, on average, 2025 mono-
mer units. The lowest-lying excited state in the chain
correspondsto the *(oc*) transition of an electron delo-
calized aong the segment axis. The absorption spec-
trum of polysilanesin the range of the }(go*) transition
exhibits a structureless inhomogeneously broadened
band whose shape is determined by the size distribution
of chain segments. The spectrum of excited states in
polysilanes was described within the models of Fren-
kel, Wannier—Mott, and mixed-type one-dimensional
excitons[1, 3, 4, 6-10]. It seems likely that the proper-
ties of the lowest-lying excited state in polysilanes are
most adequately described by the model of Frenkel
one-dimensional excitons with aweak exciton—phonon
bond[1, 3,7, 8, 10].

Investigations into the dynamics of excited statesin
polysilanes revealed that the short-wavelength excita-
tion leads to a fast (for T = 0.7 ps) energy relaxation
from high-lying excited states to the lowest-lying

excited state [7, 10]. It was assumed that this processis
attended with the scattering of electrons by phonons.
Then, the energy is owly (1 > 1 ps) transferred from
short segments to the longer segments which are char-
acterized by a lower excitation energy. This process
occursthrough the tunneling (jumps) of excitons over a
system of disordered energy levels. The luminescence
spectrum of polysilanes is associated with radiative
transitions in long chain segments; in this case, the
Stokes shift between absorption and emission in long
chain segmentsisinsignificant [1, 7].

It is known that exposure of polysilanes to light
resultsin their degradation, which is accompanied by a
decrease in the molecular weight of polymers and a
declinein the absorption in therange of the {(co*) tran-
sition [2, 5, 11]. According to [2, 11], the photodegra-
dation of a polymer starts with the scission of one or
two o bonds between Si atoms in a segment and with
the formation of silyl and silylene radicals, respec-
tively. Then, these radicals in polymers are involved in
different chemical reactions, in particular, the attach-
ment of oxygen and the formation of cyclic structures.
Moreover, the cross-linking of polymer chains occurs
in polysilanes which contain aryl side groups directly
attached to Si atoms of the main chain. The induced
absorption spectra of the alkyl and aryl substituted
polysilane solutions and films irradiated with light
pulses of lengths from 0.7 psto 10 us were studied by
the flash photolysis technique in [7, 12-15]. It was
found that the spectra depend on the structure of side
groups in polymer chains, the pulse length, the wave-
length of the incident light (A;,, = 266-355 nm), and the
delay time between light pulses and the onset of record-
ing. Introduction of special quenchersinto the solutions
madeit possibleto reveal and identify absorption bands
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Fig. 1. Absorption spectra of PDHS films (T = 295 K) irra-
diated at Tj,, = 295 K with light at wavelengths A, =
(a) 405, (b) 365, (c) 313, and (d) 265 nm. Irradiation time
ti: (@ (1) 0, (2) 3, and (3) 15 min; (b) (1) O, (2) 5, and
(3)70s,(c) (1) 0,(2) 1,and (3) 3min; and (d) (1) O, (2) 3, and
(3) 6 min.

which are associated with the formation of silyl and
silyleneradicals.

The absorption spectra of frozen solutions and films
of poly(dihexylsilane) (PDHS) were examined by the
spectral hole burning method [8, 16, 17]. It was shown
that, after the selective excitation of short segments, the
energy istransferred to longer chain segmentsfollowed
by their photodegradation. In our earlier work [18], we
revealed that the degradation processes in poly(meth-
ylphenylsilane) (PMPS) films considerably differ upon
light irradiation in the ranges which correspond to the
absorption of the main chain segments and side phenyl
groups. In the present work, we investigated how the
transfer of excitation energy between segments and
also from the side substituents to the polymer chain
segments affects the photodegradation processes in
akyl and aryl substituted polysilane films. For this pur-
pose, the absorption (at T = 295 K) and luminescence
(at T=5and 295 K) spectra of PDHS and PMPS films
were studied as functions of the time t;,, of light irradi-
ation at wavelengths A, = 405, 365, 313, and 265 nm at
Ty = 295 K. The choice of the aforementioned poly-
mers was motivated by the fact that their electronic
properties were investigated in greater detail [1-3].

2. EXPERIMENTAL TECHNIQUE

The PDHS and PMPS films with thicknessd = 0.5~
10 pm were prepared by pouring toluene solutions of
polymers onto fused silica substrates. The absorption
spectra (T = 295 K) were recorded on aK SV U-23 spec-
trometric computer complex, and the luminescence
spectra (T = 5295 K) were measured on an SDL-1
spectrometer. The low-temperature investigations were
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performed using an optica temperature-controlled
helium cryostate with quarts windows and an automatic
system of control and stabilization of the temperature
which was measured with a copper—constantan differ-
ential thermocouple. For excitation of luminescence or
photodegradation, the polysilane films in air or a
helium atmospherein the cryostate wereirradiated with
a DRSh-250-2 ultrahigh-pressure mercury lamp
through the absorption light filters. The relative photon
distribution with account for the filtration at A = 405,
365, 313, and 265 nmwasequal to4:8:15: 1. The
power densities ® of lamp radiation at A = 365 nm upon
irradiation of filmsin air and in the cryostate were equal
to 60 and 20 mW cm2, respectively.

3. EXPERIMENTAL RESULTS

At T =295 K, the absorption spectrum of the PDHS
filmintherange A = 200-500 nm consists of two broad
bandswith A5 = 317 and 375 nm (Figs. 1a-1d). These

bands are associated with the Y(co*) electronic transi-
tions in the polymer chain segments which adopt heli-
ca and trans conformations, respectively [1, 19].
Exposure of filmsto light (A, < 405 nm) at T;,, =295 K
leads to irreversible changes in the absorption spectra
of these films; the character of the observed changes
dependson A, andt;,. Theirradiation withlight at A;,, =
405 and 365 nm results in a hypsochromic shift of two
absorption bands. In this case, the absorption decreases
for the long-wavelength band and increases for the
short-wavel ength band. These spectral changesbecome
more pronounced with an increase in t;,,. Specificaly,
after theirradiation at A, = 405 nm for t;,, = 15 min or
at A\, = 365 nm for t,, = 70 s, the shift is equal to 25—
30 nm (Figs. 1a, 1b). Theirradiation of filmswith light
at A, =313 nmfor t,, =1 minor at A, = 265 nm for
t,, = 3 min brings about a noticeable decrease in both
absorption bands, which is attended by an insignificant
hypsochromic shift of the long-wavelength band
(curves 1, 2in Figs. 1c, 1d). Anincrease in the time of
film exposure to the light at A, = 313 nmuptot,, =3
min leads to a drastic decrease in the long-wavelength
absorption band, a weaker decrease in the short-wave-
length band, and a hypsochromic shift of its maximum
(Fig. 1c, curve 3). At the same time, an increase in the
time of film exposure to the light at A;,; = 265 nm up to
t,, = 6 min brings about virtually the complete disap-
pearance of the short-wavelength band and only the
long-wavelength band at A, = 360 nm remainsin the
absorption spectrum (Fig. 1d, curve 3).

At T =5 K and Ay = 313 nm, the luminescence
spectrum of the PDHS film exhibits a narrow exciton
luminescence band (half-width A = 300400 cm™) at
Amax = 371 nm and a very weak structureless back-
ground in therange A = 400-600 nm whose intensity is
50-100 timeslessthan the intensity of the exciton band
a a maximum (Figs. 2a—2d, curves 1). This back-
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ground is attributed to the impurity luminescence [1].
An increase in the temperature results in a decrease in
the intensity of the exciton luminescence band, an
increase in its half-width, and a bathochromic shift of
its maximum. At T = 295 K, the maximum of the exci-
ton band islocated at A, = 381 nm and its half-width

Aisequal to 1000 cm™.

It is found that, after the irradiation of the PDHS
filmswith light at A, < 405 nm at T;,, = 295 K in air or
a helium atmosphere, the luminescence spectra mea-
sured at T =5 and 295 K are characterized by the same
irreversible changes irrespective of the presence of
oxygen. Particularly, exposure of the films to light at
Air = 405 or 365 nm (t,, = 30 min) brings about a
decrease in the intensity of the exciton band, an
increase in its half-width by a factor of 1.5-3, and a
hypsochromic shift of its maximum by 5-10 nm
(Figs. 2a, 2b). Similar changes are observed in the
luminescence spectra of films irradiated with light at
Air =313 nm and T,,, = 295 K. However, the hypsoch-
romic shift in the maximum of the exciton lumines-
cence band in this case is small and equal only to 0.5~
1.0nm (Fig. 2c). Unliketheillumination of PDHSfilms
at A, = 405, 365, and 313 nm, theirradiation with light
at A, = 265 nm |leads only to adecreasein the intensity
of the exciton luminescence band without changein the
location of its maximum (Fig. 2d).

At T,, = 5K, theirradiation of the PDHS filmswith
light at A, =313 nmand ® =2 mW cm2fort,=2h
does not lead to substantial changes in the lumines-
cence spectraat T =5 K. However, the irradiation with
light a& A, = 365 nm and ® = 20 mW cm= for
t,,=3min at T, =5 K results in the appearance of a
new very weak band at A, = 377 nm in the lumines-
cence spectrum. The intensity of this band is approxi-
mately 50 times less than that of the exciton band at a
maximum. After the irradiation with light a A, = 265—
365nm, ® =100 mW cm?, t;, = 15 min, and T;,, = 5K,
the intensity of the band at A, = 377 nm increases by
afactor of approximately 10. Simultaneously, the hyp-
sochromic shift by approximately 1 nmis observed for
the exciton band, and itsintensity decreases by 5-10%.
These changes in the exciton band after the irradiation
of the PDHSfilm by light at T;,, =5 K areirreversible.
However, theband at A ,,,, = 377 nm disappears after the
photodegradation of the film exposed to light at A, =
313 nm for t;,, = 60 min and T;,, = 295 K and does not
appear after repeated irradiation with light at T;,, = 5 K.
It seems likely that this band corresponds to the lumi-
nescence of polymer chain defects, which are formed
upon irradiation of the polymer within its absorption
band at T;,, = 5 K and annihilate after the irradiation at
Tir =295 K.

At T =295 K, the absorption spectrum of the PMPS
films involves two bands at A, = 337 and 275 nm,
which are attributed to the Y(oo*) and *(1tTt) transitions
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Fig. 2. Luminescence spectra of PDHS films (T = 5 K,
Aexc = 313 nm) irradiated at T;,, = 295 K with light at wave-

lengths A, = (a) 405, (b) 365, (c) 313, and (d) 265 nm for
timetj;, = (1) 0 and (2) 60 min.

in the main chain segments and side phenyl groups,
respectively [20] (Figs. 3a—3c, curves 1). Exposure of
thefilmsto light a A;,, < 365 nm and T;,, = 295 K leads
toirreversible changes in the absorption spectra. These
changes, as for the PDHS films, depend on A, and
become more pronounced with an increase in t;,. The
irradiation with light at A, = 365 nm brings about a
decrease in the absorption in the long-wavel ength band,
which is attended by its hypsochromic shift. In particu-
lar, the shift at t;,, = 50 min is equal to approximately
25 nm (Fig. 3a). The irradiation of films at A;, = 313
and 265 nm, unlike the irradiation at A;;, = 365 nm,
results in a considerable decrease in the absorption in
the Y(oo*) band; however, the location of its maximum
changesinsignificantly (Figs. 3b, 3c).

At T =5 K and A, = 313 nm, the luminescence
spectrum of the PMPS films of thicknessd < 5 um con-
tains two bands (Figs. 4a-4c, curves 1). The narrow
band (A = 700-800 cm™) is associated with the exciton
luminescence of long chain segments. It is found that
the location of its maximum depends on the film thick-
ness and variesin the range A, = 350-354 nmwith an
increase in the thickness d from 0.5 to 5.0 um. The
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Fig. 3. Absorption spectra of PMPS films (T = 295 K) irra-
diated at Tj,, = 295 K with light at wavelengths A, =

(a) 365, (b) 313, and (c) 265 nm. Irradiation time t;,,, min:
@ ()0, (2 3, and (3) 50; (b) (1) O, (2) 1, and (3) 4; and
(c) (1) 0, (2) 10, and (3) 30.

broad band is observed in the range A = 380-600 nm,
and itsmaximum islocated at A5 = 415 nm. Thisband
is assigned to the radiative transition from the (1t* )
state, which isformed as aresult of the transition of the
o electron (delocalized over a segment of the main
polymer chain) to the Tt* orbital of the phenyl ring [20,
21]. Asthetemperature T increases, theintensity of this
band rapidly decreases and the spectrum at T = 77 K
involves aweak band at A, = 500 nm whose intensity
variesonly slightly upon heating to T = 295 K. Accord-
ingto[1, 20, 22], thisband is attributed to the lumines-
cence of defectsin the PMPS polymer chain.

Asfollows from our results, the luminescence spec-
traof the PMPSfilms preliminarily irradiated with light
at A\, <365 nmin air or a helium atmosphere at T, =
295 K coincide at T = 5 K. Since the films rapidly
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Fig. 4. Luminescence spectra of PMPS films (T = 5 K,
Aexc = 313 nm) irradiated at T;,, = 295 K with light at wave-

lengths A, = (8) 365, (b) 313, and (c) 265 nm for the time
tyr = (1) O, (2) 5, and (3) 60 min.

degrade during the recording of the luminescence spec-
traat T = 295 K, the spectra prior to and after the irra-
diation of sampleswere measured only at T=5K. The
irradiation of the PMPSfilmswith light at A;,, < 365 nm
and T,,, = 295 K leads to a decrease in the intensity of
the exciton band. Moreover, upon irradiation at A, =
365 nm, an increase in the luminescence in the range
A > 500 nm is observed in the spectra of thin films
(d <5 pm). In the spectra of thick films, the lumines-
cence in this range increases upon irradiation at A, =
313 and 265 nm. In [18, 23], it was demonstrated that
anincreaseintheluminescenceintherangeA >500 nm
is explained by the cross-linking between polymer
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chains. According to our data, the irradiation of films
with light at A;,, = 365 nm for t;,, = 60 min leads to the
hypsochromic shift in the maximum of the exciton
band by approximately 10 nm (Fig. 4a). Exposure to
light at A, = 313 nm for t,, = 5 min brings about a
decreasein the intensity of the exciton band by afactor
of approximately 5 and the hypsochromic shift in its
maximum by approximately 1.5 nm. A further increase
in t,, results in complete disappearance of the exciton
band (Fig. 4b). Unlike the irradiation at A;, = 365 and
313 nm, theirradiation of thefilmsat A;,, = 265 nm does
not lead to a shift in the maximum of the exciton lumi-
nescence band (Fig. 4c).

The PMPS films, as the PDHS films, also degrade
upon light irradiation at T;,, = 5 K. For example, the
irradiation of the PMPS films with light at A;,, = 265—
365 nm, ® = 100 mW cm?, t;, = 15min,and T;,, = 5K
resultsin an irreversible decrease in the intensity of the
exciton band and an increase in the intensity of lumi-
nescence in the range A > 500 nm by 5-10%. As t;,
increases, these changes in the luminescence spectrum
become more pronounced.

4. DISCUSSION

The results obtained demonstrate that changesin the
absorption and luminescence spectra of polysilane
filmsirradiated by light with different wavel engths dif-
fer substantially. Note that changes in the shape and
location of the maxima associated with the exciton
transitions in the absorption and luminescence spectra
of a photodegraded film clearly correlated with the
position of A;,, with respect to its absorption spectrum.

As is known, the shape of the lowest-lying absorp-
tion band }(oo*) for polysilanesis governed by the size
distribution of segments and the location of the exciton
luminescence band at a maximum is determined by the
radiative transitions in long chain segments and
depends on their length [1, 2]. Therefore, it can be
assumed that the change in shape of the lowest-lying
absorption band after the photodegradation of a poly-
mer is caused by the change in the size distribution of
segments, and the hypsochromic shift of the lumines-
cence maximum is associated with the prevailing scis-
sion of o bonds between Si atoms in the longest seg-
ments. The latter segments depending on A, can be
excited either under direct light absorption or through
energy transfer after the light absorption by short seg-
ments.

Let us consider how the irradiation of films with
light at wavelengths A, = 405 and 365 nm affects the
shape and location of the long-wavelength absorption
bands which are attributed to the Y(oc*) transitions
either in PDHS chain segments characterized by the
trans conformation or in segments of the main PMPS
chain (Figs. 1a, 1b, 3a). It isseen from thesefiguresthat
an increase in the time t;,, of irradiation with light at a

PHYSICS OF THE SOLID STATE Vol. 43 No. 3

2001

593

wavelength which corresponds to the long-wavel ength
edge or a maximum of the band associated with the
Yoc*) transition leads to a decrease in the absorption
predominantly in the long-wavelength edge of this
band and its hypsochromic shift. A similar hypsochro-
mic shift is observed for the exciton luminescence band
(Figs. 2a, 2b, 4a). Therefore, the changes observed in
the spectra can be uniquely attributed to the photodeg-
radation of the longest chain segments. Note that the
concentration of short segments, which are formed
after the scission of o bonds in long segments and
absorb in the spectral range under consideration, can
increase at certain t;,,. Thisresultsin an increasein the
absorption in the short-wavelength edge of the band
assigned to the Y(go*) transition (Fig. 1a, curves 1-3;
Fig. 1b, curves 1, 2).

It should be noted that changes determined by spe-
cific properties of polymers are aso observed in the
absorption spectra of the PDHS and PMPS films after
their photodegradation. These changes can be assigned
to the occurrence of two conformations of a polymer
chainat T=295K inthe case of PDHS and to the cross-
linking between polymer chainsin PMPS. It is known
that PDHS polymer chainsat T =295 K can exhibit two
conformations; a low-temperature trans conformation
with an ordered arrangement of side hexyl groups and
a high-temperature helical conformation, which are
responsible for the absorption bands at A, = 375 and
317 nm, respectively [1, 19, 24]. The transition from
the trans conformation to the helical conformation
takesplaceat T = 315 K and is attended by hesat absorp-
tion due to the disordering (“fusion”) of side hexyl
groups. Asis seen from Figs. 1aand 1b, the irradiation
of films with light at A, = 405 and 365 nm leads to a
decrease in the absorption in the long-wavel ength band
and also to an increase in the absorption in the short-
wavelength band and its hypsochromic shift. Conse-
guently, the short segments which are formed upon
scission of o bonds in long segments with the ordered
trans conformation partly transform into sesgmentswith
a disordered helical conformation. Most likely, the
excitation of long segments characterized by the trans
conformation resultsin the scission of o bonds and also
in the local heating of segments, which stimulates the
conformation transition observed.

Asfollowsfrom Fig. 3a, the radiation at A;,, = 365 nm
corresponds to the range of a very weak absorption of
the PMPS film for which the concentration of absorb-
ing long segmentsissmall. At the sametime, prolonged
irradiation of the polymer brings about a large hypso-
chromic shift in the maximum of the absorption band
(approximately by 25 nm at the band half-width A =
30 nm for t,, = 50 min). So large a shift can be
explained by photochemical reactions that proceed
upon photodegradation of a polymer chain. It can be
seen from Fig. 4athat the luminescence intensity in the
range A > 500 nm increases in the luminescence spec-
trum after the irradiation of the film with light at A;,, =
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365 nm. This luminescence is caused by structural
defects formed as aresult of the cross-linking between
polymer chains [18, 23]. Therefore, it can be assumed
that the cross-linking changes the morphology of a
polymer chain and leads to the formation of additional
conformational defects. As a consequence, the segment
length decreases, which is responsible for the change
observed in the shape and the location of maximaof the
absorption band.

Now, we dwell on the changesin the spectra of films
after theirradiation with light at A;,, = 313 nm [near the
maximum of the short-wavelength absorption band of
PDHS and at the short-wavelength edge of the band
associated with the (go*) transition in PMPS]. An
increase in the time t;,, for the PDHS films results in a
decreasein theintensity of both absorption bandsin the
spectrum and is accompanied by the hypsochromic
shift of the short-wavelength band (Fig. 1c). For the
PMPS films, an increase in t;, brings about a decrease
in the intensity of the absorption band attributed to the
Yoo*) transition (Fig. 3b). The exciton luminescence
intensity decreases in the luminescence spectra of the
PDHS and PMPS films. Note that the hypsochromic
shift in the maximum of the exciton band is very insig-
nificant (Figs. 2c, 4b). The changes in the absorption
spectra of the PMPS films irradiated with light at the
wavelength A, = 265 nm [the range of the (TtTt*) tran-
sition in side phenyl groups] are similar to those
observed uponirradiation at A;,, = 313 nm (Fig. 3c). For
the PDHS films, at A, = 265 nm (at the short-wave-
length edge of the absorption band corresponding to
segmentsin the helical conformation), anincreasein t;,,
is attended by a fast decrease in the intensity of this
band and a slower drop in the intensity of the absorp-
tion band assigned to segments in the trans conforma
tion (Fig. 1c). At the same time, only a decrease in the
intensity of the exciton luminescence without changein
the location of its maximum is observed in the lumines-
cence spectraof the PDHS (T =5 and 295 K) and PMPS
(T=5K) films (Figs. 2d, 4c). Consequently, the irradi-
ation of filmswith light at A;,; = 313 and 265 nm results
in the scission of o bonds and the degradation of both
long and short chain segments.

It is evident that the photodegradation of polymers
considerably depends not only on A, but also on the
temperature T;,,, which determines the conformation of
chain segments and the mobility of segments them-
selves and their particular fragments. Therefore, the
photodegradation of the polysilanes studied in this
work isretarded with adecrease in the temperature T;,, .
However, the above results demonstrate that an insig-
nificant degradation of the PDHS and PMPS films also
occurs a T,, = 5 K. Thisfinding is in agreement with
observations of hole burning in the spectra of frozen
solutions and films of polysilanes[8, 16, 17].

The results obtained in the present work allow usto
draw the inferences about the dynamics of excited
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states in polysilanes. Holzer et al. [25] observed the
dependences of the absorption spectrafor m-conjugated
polymers on A, which are similar to those shown in
Figs. 1 and 3. However, these authors interpreted their
results under the assumption that the photodegradation
of T-conjugated polymers proceeds after the energy
transfer from short segments to long segments whose
excitation is responsible for the luminescence spec-
trum. Our results suggest that the radiationless dissipa-
tion of the excitation energy of short segments due to
the scission of ¢ bonds or thermal relaxation in polysi-
lanes competes with the energy transfer to long seg-
ments whose excitation determines the location of the
exciton luminescence maximum.

The above assumption is confirmed by the data
availableintheliterature. In[3, 10], the dependences of
the quantum yield of luminescence for the PHDS and
PMPS films on A, were measured within the band

attributed to the Y(oo*) transition. It was revealed that
the quantum yield of luminescence upon excitation
within the range of the short-wavelength edge of the
aforementioned band (which correspond to the absorp-
tion of short segments) is less than that upon direct
excitation of long chain segments. Consequently, after
the excitation of short segments, the transfer of energy
to long segments is accompanied by processes of its
radiative dissipation. In [7, 12], the flash photolysis
technique was applied to measure the rise times for the
induced absorption bands of the products formed upon
irradiation of PDHS and PMPS solutions with light
pulses at wavelengths A, = 312 and 355 nm, respec-
tively. It was found that the rise time for the band at
Amax = 375 nminthe spectraof PDHS solutionsis equal
to 100 ps and coincides with the rise time for the exci-
ton luminescence which decays with atime constant of
150 ps. According to [7], this band is attributed to the
transitions from the lowest-lying excited state to the
biexciton state. At the same time, this band was
assigned to the absorption of silyl radicalsin [13] and
to the absorption of silyl radical cationsin [14]. In[12],
it was proved that the rise time for the band at A, =
450 nm (associated with the absorption of silylene rad-
icals) in the spectra of PMPS solutionsis equal to 40 ps
and coincides with the rise time for the exciton lumi-
nescence for which the decay time is 70 ps. Therefore,
the scission of o bonds between Si atoms and the for-
mation of radicals occur simultaneously with the for-
mation of excited statesin long chain segments.

5. CONCLUSION

Thus, in the present work, we demonstrated that the
photodegradation processes in polysilane films depend
on the temperature, irradiation wavelength, and the
structure of side substituents. It was established that the
absorption of light by short chain segments in polysi-
lanes leads to the transfer of excitation energy and its
radiationless dissipation due to the scission of ¢ bonds
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between Si atoms or thermal relaxation. These pro-
cesses compete with each other and determine the
dynamics of excited states in polysilanes. It was found
that the photodegradation of the PHDSfilms at T, =
295 K isattended by the transformation of certain chain
segments from the low-temperature trans conformation
with an ordered arrangement of side hexy! groupsto the
high-temperature helical conformation with a disor-
dered arrangement of side groups.
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Dear Yurit Andreevich!
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tackle the most interesting problems in our shared sci-
ence, modern solid state physics.

We cannot but mention your scientific style and
favorite trends in physics: the quantum-mechanical
approach to problemsin the physics of strength, studies
on photoplasticity and spin-dependent carrier recombi-
nation on didocations, investigations of metallic
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strength, and finally, comprehensive research in high-
temperature superconductors and fullerenes.

You are also a great scientific manager, knowing
many ways to approach scientists, who can sometimes
be as obstinate and capricious as prima donnas. It is
your innate talent, along with your enormous vital
energy, that allowed you to organize a pearl of Russian
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different trends of our science with tact and the sense of
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You are not only a gifted scientist and organizer and
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Who else can relate sophisticated scientific studies in
such an absorbing and spirited manner? Nobody can.
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You know very well that not only do we consider
you our brother scientist, we also regard you as our
“Phystech” brother, for we remember that you are a sci-
entific grandson of “father” loffe, and one may aways
depend on you.

We wish you health, good spirits, every success in
science, and an even larger number of prizes and titles
than you have now!
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