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Previoudly [1], astochastic equation describing evo-
lution of the transverse energy of channeled high-
energy charged particles was derived proceeding from
the condition of nonconservation of the adiabatic
invariant. The purpose of this study was to construct a
stochastic equation for evolution of the transverse
energy of the nth quantum state of arelativistic electron
(positron) moving along planar channels of a crystal.

The channeled particles move in the electric poten-
tial of a crystal representing a sum of the Coulomb
potentials of atomic nuclel occupying the crystal lattice
sites and the Coulomb potentials of electrons in the
atomic shells:

Oz < & O
u(r) = -~ 0, )
2H " 2

where Zeisthe charge of the atomic nucleus, r,,=r o+
or, (or , isthe vector determining the position of the nth
nucleus displaced from the lattice site due to thermal
oscillations), ry = rp + or, + ory, (dr is the vector
determining the position of the jth electron relative to
the nth atomic nucleus), and r ,, determines the position
of the nth crystal lattice site.

Averaging over the independent thermal oscillations
of atomsin the crystal is performed with the aid of the
Gauss distribution function. Averaging over the quan-
tum fluctuations of the positions of atomic electronsis
carried out using the method [2] employed by Bethe for
calculating the atomic form factor. These averaging
procedures, conducted with respect to the coordinates
of al nuclel and all electrons, are denoted by symbols
0..3 and [.. [, respectively.

The crystal electric potential can be represented in
the following form:

U(r) = U+3U(r) +38U(r), )

where U is the continuous potential of a planar (U =
U (x)) channel in the crystal, averaged over the thermal

oscillations of atoms; dU,(r) = W[ +— U isthecontin-
uous potential correction related to the discrete
arrangement of atoms on the axis or in the plane (this
term is not a source of fluctuations); oU(r) = U(r) —
(WL 1 is the potential fluctuation caused by thermal
oscillations of the atomic nuclei and by quantum fluc-
tuations of the positions of atomic electrons.

A Hamiltonian describing the interaction of arela-
tivistic electron (positron) with a crystal can be written
as

a2
H = Ep?—ﬂ-i- U(r)"‘Hcryst., (3)

where p*/2misthe kinetic energy operator; U(r) is the
operator of the potential energy of interaction between
a relativistic electron (positron) and the crystal; and

Heryst. 1S the Hamiltonian of the crystal including the
kinetic and potential energies of all atomic electrons
and nuclei. Hamiltonian (3) describes a closed system
with the total energy conserved because the radiative
energy lossesfor relativistic el ectrons and positrons with
energies not exceeding ~1 GeV are insignificant [3]. As
is known [4], the total derivative of the Hamiltonian
with respect to time for a closed system is zero:

dH

Ot 0. 4

For a small-angle elastic scattering, also conserved are
the longitudinal kinetic energy component of the chan-
neled particles and the crystal energy:

dp, _dp:

dt2m ~ dt2m . dt ©)
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Let the YOZ plane of the Cartesian coordinate system
coincidewith one of the crystallographic planes and the
OY axis be directed along an atomic chain in the given
atomic plane. In the regime of planar channeling, a
high-energy charged particle moves at alarge anglerel-
ative to the atomic chains. Therefore, the longitudinal
kinetic energy component must comprise a sum of two
equal components in the YOZ plane as reflected by
Eqg. (5). Using formulas (2) and (5), Eq. (4) can be
rewritten in the following form:

dHo _ ddU
d ~  dt’ ©
where 0U = dU(r) + dU(r). The Hamiltonian describ-

ing the particle motion in a continuous potential of the
atomic planesisasfollows:

~ h° d
Ho = —ind—'l'U(X).

Let us seek for the eigenfunctions of the Schrodinger
equation

HoW, = &,¥,

in the quasiclassical approximation [4]

—_— m ) —
W.(x) =2 J;Tcosngpndx % (")

where p, = /2m[e,—U(X)]; %, are the bending
points in the classical trgjectory determined from the
equation U (x, ,) = €,; and T = T(g,) is the period of
oscillations of a particle moving in the planar channel
of the crystal.

Upon averaging Eq. (6) with the aid of wave func-
tions (7), we obtain

de,  4m .dxddU
@ ‘T(sn)f A %f Poclx = % ®)
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where de,/dt is the rate of variation of the transverse
energy for the nth quantum state. Equation (8) coin-
cides to within the notation (g, — €) with the result
obtained previously [1] within the framework of the
classical mechanics:

de, _
T T ){6U[xz(sn)]

for the approximation

coszgjpndx—%: %

X
Pn= Mgt

used for normalization of quasiclassical wave func-
tions [4].

Using Eq. (9), it is possible to construct a quantum
kinetic equation describing evolution of the population
of the nth quantum state. This equation coincides with
the classical kinetic equation of motion of the Fokker—
Planck type. The above considerations show that the
probabilities of population of the quantum states evolve
independently of each other and become indistinguish-
able when the width of the quantum levels exceed the
interlevel spacing.

—oU[x ()]}, (9)
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Abstract—The possibility of obtaining Ta,Os films with homogeneous properties on the surface of substrates
possessing complicated shapes was studied. In the deposition systems employing point molecular sources of a
vapor flow, the problemis solved by using various planetar manipulators ensuring complicated rotations of the
substratesin a vacuum chamber; in the case of magnetron sputtering, a more technological method can be real-
ized based on the controlled transport of sputtered particles in the target—substrate drift space. The transport of
sputtered particlesis described using various model s and static modeling techniques, which can be a so of inter-
est for solving numerous applied problems in the physics of gas discharge. The results were used to optimize
the technology of Ta,Os film deposition onto large-size substrates of complicated configurations. © 2002 MAIK
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In the past years, there was a considerable increase
in the application of Ta,O5 coatings in various fields of
science and technology. Thisis explained by the unique
properties of this oxide, including high dielectric per-
mittivity, density, melting temperature, and good elec-
tret properties. In addition, this materia is biologically
and chemicaly inert, which alows Ta,Os films to be
used in medical applications. An exampleis offered by
the relatively new field based on the use of short- range
quasi-static electric fields for stimulating positive bio-
logical processes in the human organism. At present,
the Ta,O5 electret films are al so successfully employed
in traumatology, orthopedics, dentistry, and in some
other fields[1, 2].

One of the most effective methods of obtaining
high-quality Ta,Os coatings is offered by reactive mag-
netron sputtering. The process of Ta,O; film deposition
by this method can be conventionally divided into four
main steps:

(i) Operation of aglow discharge forming a flow of
the working gas atoms and ions to sputter the cathode
target;

(ii) Sputtering of the cathode target by the acceler-
ated atoms and ions of the working gas;

(iii) Transport of the sputtered material (atoms, mol-
ecules, clusters) through the working medium to a sub-
strate;

(iv) Nucleation, coalescence, and growth of afilm of
the sputtered material on the substrate surface, accom-
panied by chemical reactions on the surface.

An analysis of the first stage includes specification
of the type of particles producing sputtering of the tar-
get (atoms, singly and multiply charged ions of the
working gas components) and determination of their
energy and angular distributions at the target surface.
These characteristics of the bombarding particles
uniquely determine the intensity and the energy and
angular distributions of the flux of particles sputtered
from the target surface.

The sputtered particles, moving in the target—sub-
strate drift space, experience elastic collisions with par-
ticles of the working gas. These collisions lead to a
change in the energies and momenta of sputtered parti-
cles. Evaluation of the intensity and the energy and
angular distributions of the flux of sputtered particles
reaching the substrate surface requires an analysis of
the transport of sputtered particles through the gas
medium from the target to the substrate.

Knowledge of the spatial, energy, and angular distri-
butions of the flux of sputtered particles at the substrate
surface provides for the correct initial data necessary
for modeling the process of nucleation and growth of a
thin-film structure and for obtaining quantitative esti-
mates of the technological parameters of the magnetron
sputtering process.

In order to adequately describe the process of mag-
netron sputtering and the properties of coatings
obtained, it is necessary to take into account a number
of factors, some of which are frequently missing from
the model analysis.

1063-7850/02/2803-0173%22.00 © 2002 MAIK “Nauka/ Interperiodica’



174

() In the course of recharge (primarily resonance),
asufficiently intense flux of neutrals is formed in the
dark cathode space, which isinvolved in the process of
cathode target sputtering.

(ii) A relatively large working gas pressure (and,
accordingly, a short mean free pathlength of the parti-
cles) leadsto smearing of the energy spectraof ionsand
atoms bombarding the cathode target.

(iii) A short mean free pathlength of the sputtered
particles at aworking gas pressure necessary for main-
taining stable gas discharge results in the formation of
areverse flow of sputtered particles toward the target.

(iv) Negative ions formed in the dark cathode space
can produce sputtering of the film deposited on the sub-
strate.

The above factors complicate the procedure of
numerical modeling of the magnetron sputtering pro-
cess. Moreover, a change of any of the glow discharge
parameters (discharge voltage and current, working gas
pressure and composition) lead to a change in many
other parameters, which significantly complicates con-
trol of the process and poses high requirements on the
precision of determining and maintaining the main
working parameters. Thus, a thorough analysis of the
process of Ta,O; film deposition by the method of reac-
tive magnetron sputtering appears to be a rather diffi-
cult problem.

We have attempted to consider the transport of sput-
tered atoms through the target—substrate drift space,
beginning with determination of the geometry (dimen-
sions) of the zone of thermalization and subsequent
transition of the motion of sputtered particlesinto adif-
fusion regime.

The thermalization length can be calculated using
various approaches. The simplest approach is based on
the model of pair collisionsin ahard sphere approxima-
tion [3]. According to this, the length of the thermaliza-
tion zone can be determined as

1
Ng,’ @)

where E, isthe mean kinetic energy of sputtered atoms;
E; is the energy of thermal motion of the working gas

Re = Joagloa(1-p)1”

atoms; 3 = Z—T—""mg———z is the average relative energy
(m, + my)

fraction lost upon the elastic collision of particles with

the massesm, and my; N isthe concentration of working

gas particles; and g5 = T(R, + Ry)? is the total micro-

scopic cross section for the elastic scattering of parti-

cleswiththeradii R, and R,.

Using the interatomic potential of the hard sphere
type significantly simplifies the calculation. In this
model, the distance of maximum approach (minimum
spacing) r ., for the colliding particles equals the sum
of their atomic radii irrespective of the impact parame-
ter and isindependent of the energy of relative mation.
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For the particles interacting in a gas medium at low
energies not exceeding the corresponding ionization
potentials, the elastic scattering cross section is on the
order of the gas-kinetic value and weakly depends on
the energies of colliding particles. In this case, the clas-
sical scattering of hard spheres offers a good approxi-
mation. However, as the energy of colliding particles
increases, independence of the interaction cross section
of the energy of relative motion becomes a significant
disadvantage of the model of hard spheres[3].

The relative simplicity of the calculation procedure
achieved with the hard sphere potentia can be com-
bined with correctness of the physical description of the
interaction between atomic species by using the so-
called interatomic potential of quasi-hard spheres [4].
According to this model, the minimum spacing r;,
(in A) between colliding particles is given by the fol-
lowing formula:

rmin(EC)

E 2
— _0.122(22.0387 + Zg.0387)|n C R ( )
95.863(Z,Z,)

where Z; and Z, are the atomic numbers of colliding
particles and E¢ (in electonvolts) is the energy of their
relative motion in the system of the center of mass.

Employing the model of quasi-hard spheres[4], the
procedure of modeling the elastic scattering of atomic
species in the range of thermal energies restricts the
region of large impact parameters to their gas-kinetic
dimensions. For the greater energies of collision of the
atomic species, the region of large impact parameters
corresponds to very small values of the scattering angle
and the transferred energy and, hence, plays no signifi-
cant role. Within the framework of this model, the
microscopic cross section of the elastic interaction of
atomic species depends on the energy of relative
motion E¢

Os = TWimin(Ec), 3)

and the mean free pathlength A for atomic speciesin the
gas phaseis
1

A= ———. 4
NTI i (Ec) “

In addition, we employed the model of nonlinear
diffusion based on the kinetic theory of gases, accord-
ing to which the transport of atoms is considered as a
process of diffusion at a hyperthermal velocity [5]. In
this model, the boundary of the thermalization zone is
given by the following expression:

Ko—1+ =L (@Kot D@ -1 g

20 (aK,—1)(a +1)|

where a? = (v, — v;)/v; is the parameter characterizing
the degree of scattering of the flux of sputtered atoms

Ry =
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(for a —= 0, the whole flux is scattered; for a —» oo,
no one particle islost from the flux as a result of colli-
sions); v; isthe frequency at which the sputtered atoms
leave the flux as aresult of collisions with working gas
atoms; v, is the total frequency of collisions; K, =
Vo/V7 is the relative initial drift velocity of sputtered
atoms; V, istheinitial drift velocity of sputtered atoms;
V; = (KT/m)Y2 is the local value of the thermal atomic
velocity (i.e., the velocity of athermalized atom).

The value of R; can be expressed in terms of the
local mean free pathlength A = A/a in the direction of
motion:

R, = I% dx, (6)

A = Ve (v—vi)vi] @

We have also numerically modeled the statistical
transport of the sputtered atoms and determined the
thermalization length using the method described
in[6].

Using the modelsindicated above, we calculated the
length of the thermalization zone as a function of the
gas pressure for the transport of tantalum atoms in an
atmosphere of oxygen and argon (Figs. 1 and 2, respec-
tively). The calculations for these gases were per-
formed separately because the partial pressure of oxy-
gen employed under real conditions is usually at least
ten times that of argon (for the comparable interaction
cross sections). In addition, data for the thermalization
length in pure argon are necessary for assessing the
technology of depositing pure tantalum films, which
are sometimes used as an underlayer for the subsequent
deposition of Ta,O5. The working gas pressures were
varied in the range from 1 to 12 Pa, which is most fre-
guently employed in the magnetron sputtering tech-
nology.

In considering the results obtained, it should be
noted that the val ues of thermalization lengths exhibit a
significant scatter in the region of small gas pressures,
which is explained by the approximate description of
important parameters such as the radii of atomic spe-
cies and the interatomic potential. At the sametime, an
analysis of the relationships corresponding to thermal -
ization of the sputtered particles near the cathode shows
that, for a sufficiently high working gas pressure, the
film formed on a substrate situated at a distance signif-
icantly exceeding the thermalization length must be
uniform. On the contrary, in the range of low working
gas pressures (limited by the possibility of maintaining
the discharge with preset parameters), thermalization of
the sputtered particlestakes place at aconsiderable dis-
tance from the target. This must result in that the prop-
erties of deposited films would be considerably inho-
mogeneous over the substrate surface, which is caused

TECHNICAL PHYSICS LETTERS Vol. 28 No. 3
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Fig. 1. Plotsof thethermalization length versus gas pressure
for Ta atoms sputtered in an oxygen atmosphere: (a) hard
sphere model; (b) nonlinear diffusion model; (c) statistical
modeling within the quasi-hard sphere approximation.
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Fig. 2. Plotsof thethermalization length versus gas pressure
for Ta atoms sputtered in an argon atmosphere: (a) hard
sphere model; (b) nonlinear diffusion model; (c) statistical
modeling within the quasi-hard sphere approximation.

by a significant flux on nonthermalized sputtered
atoms.
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Abstract—The pressure balance on the surface of a charged drop of theideal incompressible liquid freely fall-
ing in ahomogeneous electrostatic field are analyzed and the critical conditions for instability of the liquid sur-
face are established. Satisfying the criteriafound, the values of the drop charge, the electrostatic field strength,
and the drop velocity relative to the medium coincide with those observed in thunderstorm clouds. Therefore,
the proposed model conditions can be used as a basis in devel oping a hypothetical mechanism of lightning dis-
charge initiation. © 2002 MAIK “ Nauka/Interperiodica” .

1. The phenomenon of instability of a liquid drop
surface with respect to intrinsic or induced charge is of
interest in connection to various applications in geo-
physics, technical physics, technological processes,
and scientific instrument building (see, e.g., [1, 2] and
references therein). However, investigations devoted to
this system are mostly related to the interest in explain-
ing elementary processes taking place inside thunder-
storm clouds. According to the existing qualitative
notions, development of a linear lightning discharge
begins with a corona discharge initiated in the vicinity
of alarge drop or afused hailstone (featuring instability
of acharged water drop surface[3, 4]).

However, such model notions were not confirmed
by the results of measurements performed in natural
thunderstorm clouds, where the maximum charges on
separate drops were much smaller than the values nec-
essary for the surface instability development [5]. The
same refersto the instability of water dropsin an exter-
nal electricfield: the electric field strengths measured in
real thunderstorm clouds were significantly lower than
the values required for the development of the drop
instability with respect to the field-induced charge [5].
Even upon taking into account both theintrinsic charge
and the external electrostatic field, the total instability
criterion (established in [6]) is not obeyed with suffi-
cient reliability. In all probability, the existing physical
models of lightning discharge initiation are missing an
important factor. This can be an aerodynamic pressure
inthe vicinity of afalling drop which (accordingto[7])
may effectively reduce the level of critical conditions
for the instability development on the free surface of a
charged drop.

In this context, we will study the critical conditions
for instability development on the surface of a charged
drop of theideal liquid moving in agas flow (also mod-

eled by theideal fluid flow) directed parallel to an exter-
nal homogeneous electrostatic field.

2. Consider adrop of the ideal incompressible con-
ducting liquid with the radius R and the charge Q mov-
ing in a homogeneous €electrostatic field E,. Let the
drop elongate in the field direction to acquire the shape
close to an elongated spheroid. According to [6], the
shape of the drop surface calculated in alinear approx-
imation with respect to the square eccentricity €2 can be
actually considered as spheroidal. We will assume that
the spheroid shape (in the linear approximation with
respect to €?) will not be distorted by aerodynamic pres-
sure of alaminar flow of the gaseous medium with the
density p moving relative to the drop at a velocity
U || E,. Inaspherical coordinate system with the origin
at the drop center, an equation of the spheroid can be
written in the following form:

re) _ _J1-¢ |
a  J1-é*cos’e

wherea=R(1-¢€?)3 and b= R(1-¢€?)Y6 are the minor
and major semiaxes of the spheroid, respectively, and 6
isthe polar angle measured fromthe axisparallel to E,.

e’ = 1-b¥a’

n(e) =

An expression for the spheroid eccentricity in terms
of Q, U, and E, can be derived from the equation of the
pressure balance on the drop surface [6]:

Ps = Ap+ Pe + pu;

gradn®).  _ E. _ _ pu*> (D
gadn@®)’ P~ ew T2
where o is the surface tension coefficient, p, is the

Laplace pressure under the curved surface of the drop,
Ap is the constant pressure difference inside and out-

p, = odiv
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CRITICAL CONDITIONS FOR INSTABILITY OF A CHARGED DROP

sidethedrop, pgisthetotal electricfield pressure onthe
drop surface, and py, is the aerodynamic pressure.

3. According to [8, 9], the drop instability with
respect to the intrinsic or field-induced (polarization)
charge is initiated with and generated by instability of
the main mode (n = 2). Instability of the higher modes
(n > 2) is gradually developed with increasing mode
number (on the background of the growing main mode
amplitude) due to increasing surface charge density at
the apices of the elongated drop.

Let us study stability of the spheroidal drop with
respect to a virtual increment in the main mode ampli-
tude. The increment will be taken in the form of
(oPo(M), where P,(u) is the Legendre polynomial and
M = cos(6). Inalinear approximation with respect to the
square eccentricity €%, this perturbation in the main

mode amplitude leads to the eccentricity increment
2 _ 3( 7 1
oe” = i 6eD,

and the corresponding increments dpz and dpy in the
pressures pg and py, respectively [6, 10]:

=1
Ope = 4T[EESE
_ 90 o237 2p 553 2(]
) 4nREE°[175 2%
1663 11p , 80,
S0 G o 7 ¢Po| @)
Q_ 67 q] 16 o2 }
R[135 0 9%1 P2+ 105 P
. Q6 193 421 43 2, U
R [ -areHP 2+ 5P epﬁ}g
27 2@ 13920 ,240 1.7
5py = 5ou RE 525° "o " 1050 " 10°0" 2
©)
4, 84
35 ~330°04 " 231 PGE

Consider asmall deformation h(6) of the spheroidal
drop surface, which can be expanded into a series in
Legendre polynomials:

h(8) = 3 anPn(l).
n=0

In a linear approximation with respect to the sguare
eccentricity €%, a change in the Laplace pressure dp,
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caused by this deformation can be expressed as [6]
_ o« (n+1)(n+2) >
6p0'_ R2 ZO§4+n(n+l)] (2n+1)(2n+3)e Pn+2
+P Z%L—geﬂ—%l—e—zmn(n +1)
s @

n(n—1)

+e’[4+n(n+1)] Gh-DEn T

[2n(n+1)—1] P

+e4+n(n+ 1) (2n-1)(2n+3) "

Interaction between the virtual perturbation of the
drop surface and the electric, hydrodynamic, and
Laplace forces may lead to a change in the drop shape,
provided that the initial spheroidal shape was limiting
in the sense of stability with respect to the possible
deformations. Let us find the new surface shape in the
following form:

r(8) = an(8) +h(e).
Using the pressure balance condition [6]
Py +OP; = Ap+ pg+OPg + Py +dpy )

and taking into account that the initial drop shape satis-
fiesEqg. (1), we obtain arelationship between the virtual
pressure increments

0p; = Ope +9dpy.

Substituting expressions (2)—(4) and equating the coef-
ficients at the same L egendre polynomials, we arrive at
an expression for an increment in the main mode
amplitude:

L - ZODZ7We%l + —e
D

FWE

R 210
w8l o, 4171 0 ©)
280mL 630 LI
2 2 2
We= &’ W = Q 3; = E{
Y 16ToR Y

If the expression in braces in formula (6) is smaller
than unity, the virtual perturbation will decrease with
time. This conclusion is obvious from the following
considerations. Let the above expression for the incre-
ment in the main mode amplitude represent a new ini-
tial virtual perturbation {; and repeat the calculation.
According to (6), the new increment to the main mode
amplitude will be smaller than {;; therefore, the initia
perturbation would decrease. On the contrary, when the
expression in braces of formula(6) isgreater than unity,
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the increment to the main mode amplitude will grow
with time. In this case, the main mode and, hence, the
higher modes as well, are unstable and the drop will
exhibit the instability development according to a sce-
nario described in [11, 12].

Thus, the critical conditions for instability of a
charged drop in a homogeneous electrostatic field are
asfollows:

W %Hz?ﬁ) ZDJ'W%H

4171 eU>1,
630

(")
2801'[%1

Note that, for U = O, this condition reduces to the
condition of instability of a charged drop in a homoge-
neous electrostatic field [6].

4. Let us check for the possibility that criterion (7)
is satisfied for adrop in athunderstorm cloud by using
the maximum values of drop charges and electric field
strength observed under natural conditions. According
to the results of observations [5], the charge of a drop
with the radius R = 1 mm can reach up to Q = 2 x
107° C. The maximum electrostatic field strength mea-
sured in a thunderstorm cloud was E, = 900 kV/m [5].
The above drop will fal in the Earth gravity field at a
steady-state velocity of U = 6.49 m/s[13]. The regime
of theair flow streamlining the drop is characterized by
a Reynolds number of Re =866 [13].

Evidently, this Reynolds number is so large that the
drop will be streamlined in aturbulent rather than lam-
inar mode and, hence, criterion (7) derived under the
assumption of alaminar flow of the medium isinappli-
cable. However, the estimate provided by criterion (7)
may, in principle, indicate the basic possibility or
impossibility of using the proposed model notions to
analysis of the physical mechanism of lightning dis-
charge initiation. Substituting the above values of the
physical parameters into expression (7) shows that the
criterion of instability development is satisfied even at a
drop eccentricity of €= 0.23. This eccentricity isensured
even in the presence of an electrostatic field [6, 14]. With
an alowance for the effects of intrinsic charge [6] and
aerodynamic pressure on the drop eccentricity, crite-
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rion (7) would be satisfied at a much lower drop veloc-
ities (smaller Reynolds numbers).

5. In conclusion, the aerodynamic pressure on the
surface of acharged drop falling in an electrostatic field
in the atmosphere favors the devel opment of instability
of the charged liquid surface and, hence, the coronadis-
charge initiation at the drop surface, which (according
to the existing notions) is a precursor of lightning dis-
charge[3, 4].
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Abstract—The laser-induced ablation threshold of indium oxide (In,O5) filmswas studied in order to evaluate
the possibility of using this material as a photoresist for vacuum ultraviolet lithography. 1n,O3 films with a
thickness of about 30 nm were prepared by electron beam cathode sputtering with deposition onto quartz sub-
strates in a rarefied oxygen-containing atmosphere. Then the films were irradiated by 20-ns pulses of an ArF
excimer |aser operating at a wavelength of A = 193 nm and a variable pulse intensity E,. For alaser intensity
below 30 mJcm?, the oxide etching rate is negligibly small. As the laser radiation intensity increases above
this threshold, the etching becomes more effective due to the devel opment of athermal ablation component.

© 2002 MAIK “ Nauka/Interperiodica” .

Indium oxide (In,O5) is a semiconducting material
with abandgap width of about 3.5€eV [1, 2]. Thisoxide
istransparent in the visible range and possesses arela
tively large electric conductivity, which makes In,O; a
promising material for optoelectronics [3, 4], solar
energy conversion [5], and TV applications. Another
interesting direction of application is related to the
creation of high-sensitivity 1n,05-based neutron
detectors [6]. Indium oxide can be also used in a pho-
tolithographic technology employing a thin inorganic
film as a photoresist and an excimer laser asaradiation
source [7, 8]. This method, based on the phenomenon
of ablation, whereby a material is removed under the
action of a high-power radiation beam, may be advan-
tageous to the traditional techniques by reducing the
number of stages in the technological process.

Inorganic photoresi sts possess several advantagesin
comparison to thetraditional organic compositions. For
example, inorganic resists form films possessing a
much more homogeneous thickness than that of the tra-
ditional organic resists applied by centrifuging. In addi-
tion, the organic compounds are not as suited for vac-
uum lithography because polymers usually contain a
large amount of volatile components [9, 10].

The purpose of our study was to determine the laser
ablation threshold for the films of indium oxide
exposed to radiation of a pulsed ArF excimer laser
operating at a wavelength of A = 193 nm. The In,0O;
films were prepared by cathode sputtering of indiumin
a 20% oxygen—80% argon mixture at a total gas pres-
sure of 5 x 105 atm with deposition onto quartz sub-
strates heated to 300°C.

Interaction of avacuum ultraviolet (VUV) radiation
with the deposited films was studied in a setup employ-
ing a pulsed ArF excimer laser (wavelength, A =

193 nm; pulse duration, 20 ns). A divider plate directed
a part of the laser radiation (~6%) to a power meter,
while the main part passed through a rectangular dia-
phragm to strike the sample surface.

Theirradiated samples were studied on aDEKTAK
3030 profilometer. This device gives an image of the
|aser-ablated surface profile, which is obtained by scan-
ning the sample surface with a needlelike probe. Using
theimage of the surface relief, it was possible to evalu-
ate the removed layer thickness.

A plot of the etching efficiency dh/dH (histhefilm
thickness, H is the irradiation dose) versus the VUV
laser pulse energy density E; is presented in the figure.
As can be seen, the efficiency of etching at alaser inten-
sity below 30 mJcn? is extremely low (not exceeding
101 cm3/mJ). This is probably explained by the fact

Sh/BH, 1072 cm3/mJ

0.1
001 1 1 | 1 |
20 40 60 80 100 120
Ep, mJ/cm?

A plot of the etching efficiency dh/dH versus VUV laser
pulse energy density E, for the laser ablation of an indium

oxide film.
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that the probability of bond breakage under the action
of VUV radiation quanta is very low. In addition, the
etching of indium oxide is not favored by the effect of
photoinduced oxidation with oxygen from air (which
plays an important role in the laser-induced ablation of
other materials, for example, diamond-like carbon
films [9]). Thus, the only mechanism responsible for
the removal of indium oxide under the action of exci-
mer laser radiation is thermophotoablation, whereby
the material is sublimed as a result of instantaneous
local heating.

As can be seen from the figure, laser-induced ther-
mophotoablation is manifested when the radiation
pulse energy density increases to E, ~ 30 mJcm?.
Above this threshold, the etching efficiency increases
exponentially with the laser intensity. However, the
oh/dH curve exhibits a break when the laser radiation
intensity reaches a level of about 60 mJcm?. Such a
break isobserved not only for indium oxide; thisbehav-
ior istypical of the laser ablation of other materials as
well [7, 8]. When the laser energy density increases up
to 120 mJcm?, the oxide film is removed in a single-
pulse mode. Taking into account an extremely short
(20 ns) laser pulse duration, the etched samples can be
exposed in a nonstop regime.

Thus, the results of our experiments demonstrated
the possibility of forming patterns on indium oxide
films using a direct resistless process.
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Abstract—The effect of features in the formation of scattering centers in electroplastically deformed germa-
nium single crystals on the electrical properties of the sampleswere studied. The hole scattering in this material
significantly differs from the analogous process in crystals deformed by traditional (e.g., thermoplastic)
methods. Possible mechanisms explaining the observed effects are considered. © 2002 MAIK “ Nauka/ I nter pe-

riodica” .

Our previous investigations [1] showed that the
character of defect formation and structuring in the
course of the electroplastic deformation (EPD) of sili-
con single crystals influences the electric properties of
deformed samples, in particular, the Hall mobility of
holes. An analysis of the influence of strain-induced
defects on the mohility of charge carriers [2-5] within
the framework of modern notions about evolution of
the defect structure [6, 7] alow us to formulate certain
suggestions concerning specia features of the mecha-
nisms of charge carrier scattering in the defect struc-
tures of atomic semiconductors.

We have studied the properties of plasticaly
deformed samples with the defect structures differing
from those of traditional single crystals in many
respects, including the density of defects, the composi-
tion of impurities, the character of dislocation dynam-
ics, and the relative orientation of the electric current (1)
and the dislocation dlip planes (D).

Below we report on the results of investigation of
the electric properties of samples cut from germanium
single crystals strained by methods of electroplastic
(EPD) and thermoplastic (TPD) deformation. The
deformation process was accompanied by the diffusion
of impurity (indium) atomsin the direction of preferred
escape of dislocations.

The experiments were performed on p-type germa-
nium single crystals with a resistivity of p = 45 Q cm,
doped with gallium to an excess acceptor concentration
of Ny —Np =2 x 10'3 cm3, The single crystals, having
the form of prisms with dimensions 12 x 10 x 5 mm
with the edges paralle to the crystalographic direc-
tions [110], [111], and [112], were deformed by com-
pression along the [110] axis in the steady-state creep
regime for 30 min at T = 700°C. The control samples
were annealed at the same temperature in the unde-
formed state. Otherwise, the sample preparation proce-
dure was the same as described in [1].

The nontraditional methodological approach to the
defect structure formation employed in our experi-
ments enriches the physical properties of crystals. At
the same time, the experimental realization and quanti-
tative description of processes are complicated aswell.
Thisisrelated to thefact that the strained solid becomes
like an open system occurring far from thermodynamic
equilibrium, whereby the properties of samples sponta-
neously change under the action of shear stresses. By
using additional external factors to drive a plastically
deformed crystal into athermodynamically nonequilib-
rium state, it is basically possible to control the pro-
cesses of structure formation. Asisknown, the points of
shear instability feature self-organization of the dislo-
cated dissipative structures|[8]. It ishoped that devel op-
ment of the new technologies will open waysto obtain-
ing new materials with controlled properties [9].

Figures 1 and 2 show (in adoublelogarithmic scale)
the temperature variation of the Hall mobility of holes
in the germanium samples studied. As can be seen,
there isasignificant difference between the control and
thermoplastically deformed samples in the character of
hole scattering at temperatures below 100 K; the same
deviation for the electroplastically deformed samples
begins at a somewhat lower temperature (T < 80 K).

The most significant distinctivefeaturein the behav-
ior of samples deformed in the thermoplastic mode is
the appearance of minima in the Hall mobility u(T)
(Fig. 1, curves 5-7) in the vicinity of T = 25 K, the
depth of which increases with the strain €. Note also
that the mobility of thermoplastically deformed sam-
ples varies over four orders of magnitude, whereas the
electroplastic straining changes the mobility within no
more than two orders of magnitude. According to the
results of electron- microscopic observations, the dislo-
cation density in the samples treated in the TPD mode
(N = 10° cm™) is greater by two orders of magnitude
than that in the samples strained to the same extent in

1063-7850/02/2803-0181$22.00 © 2002 MAIK “Nauka/ Interperiodica’



182

logh [cm? V™1 s71]

5_
4+
3_
2_
1 1 1 1
1.3 1.7 2.1 2.5
logT [K]

Fig. 1. The temperature dependence of the Hall mobility of
carriers in p-Ge samples thermoplastically strained at T =
700°C to various deformation levels€: (1) initial (anneal ed)
sample; (2) € = 1%, with In diffusion; (3) € = 1%, | || D;
(4) € = 1.5%, with In diffusion; (5) € = 1.5%, | || D; (6) € =
1%, 1 0D; (7) € =1.5%, | OD.

the EPD mode (N = 107 cm). The characteristic fac-
torsin common for both deformation regimes are, first,
the presence of anisotropy in mobility of the majority
carriers (although this anisotropy is less pronounced in
the EPD mode) and, second, the anal ogous influence of
impurity (indium) atoms (diffusing inward the crystal
during the production of dislocations) on the scattering
effects. In particular, the impurity—dislocation interac-
tion at small deformations significantly decreases the
scattering of carriers (Figs. 1 and 2, curves 2 and 4),
whereas an increase in the degree of straining leadsto a
noticeable growth in the scattering (curves 5 and 7) that
accounts for anomalously low mobilities (especially in
the TPD mode).

For the electroplastic mode of crystal deformation,
in contact to the TPD mode, al the structural elements
involved in the process—intrinsic and impurity atoms,
charged carriers (holes), and simultaneously generated
dislocations—exhibit a cooperative interaction in a
dynamic flow moving in a certain direction. Thus, the
electroplastic straining is facilitated by additional fac-
tors perturbing the dislocation system, namely, by
directed momentum flows of the electric current and
impurity ions[10, 11]. For thisreason, the EPD regime
leads to a formation of a more ordered structure of
strain-induced defects. As is known, the presence of
didlocations inhomogeneoudly distributed with respect
to orientations may lead to a significant anisotropy of
scattering [12].

TECHNICAL PHYSICS LETTERS  Vol. 28
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Fig. 2. The temperature dependence of the Hall mobility of
charge carriers (holes) in p-Ge samples electroplastically
strained at T = 700°C to various deformation levels €:
(2) initial (annealed) sample; (2) € = 1%, with In diffusion;
(3) € =1%, | || D; (4) € = 1.5%, with In diffusion; (5) € =
1.5%, 1 ||D; (6) e=1%, | OD; (7) € =1.5%, | OD.

Let usconsider the physical pattern of manifestation
of the scattering properties of strain-induced defectsin
the presence of impurity atoms simultaneously intro-
duced into a plastically deformed crystal. At small
deformations (when the impurity-free crystal exhibitsa
high anisotropy of the hole mobility), the simultaneous
diffusion of acceptors (indium atoms) leads to a signif-
icant decrease in the anisotropy and to an overdl
growth in the mability . This can be explained as fol-
lows. Doping with indium significantly increases the
concentration of ionized impurity. The fact that an
increase (rather than a decrease) in the mobility takes
placeindicates that the two mechanisms of scattering—
on dislocations and impurities—can mutually suppress
each other. This may take placeif the scattering on dis-
locations involves their electric interaction with carri-
ers, related to charging of the dislocation lines.

The negatively charged incorporated indium atoms
must accumulate in considerable amounts on the dislo-
cation lines. This may result in a significant compensa-
tion of the total (dislocation and impurity) electrostatic
interaction with the carriers. Only this may provide for
an overall increasein the carrier mobility p of the crys-
tals studied. Thus, we may suggest that indium ions are
excluded to asignificant extent from the group of effec-
tive scatterers and, in addition, noticeably decrease the
scattering properties of dislocations.

A considerably lower anisotropy of mobility
observed in the samples deformed in the electroplastic
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modewith the current lines (1) both parallel and perpen-
dicular tothedislocation slip planes (D) is probably due
to agreater number of such planes being involved even
in the early stage of deformation, which can be related
(as suggested in [13]) to localization of the thermal
effect of the electric current. This suggestion agrees
with the known fact that no mobility anisotropy is
observed in the samples thermoplastically deformed at
high temperatures [4].

The minimum in the temperature dependence of
mobility observed for the thermoplastically deformed
samples is obvioudly related to the dislocations. This
effect is probably related to the resonance scattering on
a shallow didocation level. The proposed mode
explaining the behavior of mobility p in single crystal
germanium samples strained in various regimes to a
small deformation level €, without dopant or addition-
ally doped with acceptors, can be extended to other sys-
tems with the defect structures formed in the presence
of some additional factors acting upon single crystals.
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Abstract—The motion of ultracold neutrons in a magnetic field featuring a quadratic inhomogeneity with
respect to two coordinates is considered. The Schrodinger equation is solved within the framework of a quasi-
classical (eikonal) approach. The theory demonstrates that it is basically possible to provide for aspatial focus-
ing of neutronswith the formation of apoint focus or neutron bunches. © 2002 MAIK “ Nauka/Interperiodica” .

The idea of creating a microscope operating on
ultracold neutrons (UCNSs), formulated by 1.M. Frank
as long ago as in 1972 [1], is still among currently
important problems in physics. The search for possible
technical solutions is performed in several directions.
One of these is related to creating high-transmission
focusing optics for UCNSs. In this context, it is of inter-
est to study various methods of focusing UCNs with the
aid of inhomogeneous magnetic fields. The magnetic
lensesfor UCNswere considered, for example, in [2-4].

Below we will theoretically study for the first time
the possibility of spatially focusing UCNs in a mag-
netic field featuring gradients simultaneously in the
transverse (along the X axis) and longitudina (along
the Z axis) directions.

The motion of UCNs in a stationary regime under
the action of gravitational and magnetic fields is
described by a stationary Schrodinger equation. The
potential of thesefieldsisU = mgz+ pH, wheremisthe
neutron mass, g is the acceleration of gravity, mg =
0.98 x 107 eV/m, and p = 6.02 x 108 eV/T isthe mag-
netic moment of neutron (thesigns“+" at u correspond
to neutrons with the spins polarized in opposite direc-
tions relative to the magnetic field).

Let the magnetic field H to possess the following
spatial configuration:

H = Ho+0,X + B2+ B, 27, @)

where H,, a,, B;, and 3, are constant quantities inde-
pendent of the coordinates. In order to provide for a
high focusing efficiency, the transverse gradient of the
magnetic field must satisfy the condition 2a,L, >
2H,/L,, where L, is the transverse size of the neutron
beam.

The stationary Schrodinger equation for the neutron
wave function Y(r) will be solved using aquasiclassical

approach. Let us seek a solution in the form Y(r) =
Wo(r)exp{iS(r)}, where Sisan eikonal and ), isafunc-
tional varying slowly as compared to the eikonal. Sub-
gtituting this expression into the Schrédinger equation,
we obtain a Hamilton—Jacobi equation for the eikonal
function S

(0502)° + (090x)°—az—p°+2mpH = 0, (2)

wherea = 2m?g 05.46 x 10~ kg?m/s? and p is the neu-
tron momentum at z= 0.

A solution to Eq. (2) can be found in the following
form:

S = S(2) + X’Sy(2)/2. 3)

Restricting the expansion of (3) to the terms ~x2, we
ignore the spherical aberration of the diverging UCN
beam. Substituting the expression for Sinto Eqg. (2) and
equating the coefficients at the same powers of x, we
obtain the following system of equationsfor §, and S;:

(0S/02)(0S,/02) + i(z) +2mua, = 0, (@]
(05,/02)° —az—p° £ 2mpu(Hy + B,z + B,Z°) = 0. (5)
Equation (5) can be rewritten as

(0S,/02)° = aZ’ +bz+c, (6)

where a = +2mu,, b = a + 2mup,, and c = p? +
2mpH,. Integrating Eq. (6) yields

S, = £(2/2+C,)(aZ2 + bz + )
2 =12 (7)
+sz(az +bz+c) dz+C,,

wheretheintegral intheright-hand part acquires differ-
ent values depending on the sign of a. For certainty, let
us consider the case of a > 0, which corresponds to a

1063-7850/02/2803-0184%$22.00 © 2002 MAIK “Nauka/Interperiodica’



ON THE PROBLEM OF SPATIAL FOCUSING OF ULTRACOLD NEUTRONS

beam of UCNSs polarized along the field H. Thisyields
an expression for the function S(2)

S = H(22+Cy)(aZ +bz+0)" + Cy(a) ™" ®

x{In[2a"%(aZ + bz +c)"* + 2az+ b]} +C,,
where
C, = b/da = (a +2muB,)/8mup,;

C, = C/2-b’/8a

= [8muUB,(p” + 2MuHo) — (a + 2mpp,)’] /16mpp,;

and C; istheintegration constant. Note that the sign of
a, albeit influencing the explicit form of thefunction §,,
does not hinder the possibility of focusing UCNs with
the opposite spin as well.

Now let us consider the problem of UCN focusing
proceeding from the quantum-mechanical notions
about the neutron flux density. The vector of the UCN
flux density can be determined as

J = in(pgrady* —y* grady), €)

where 7 is the Planck constant and @* is the complex
conjugate to Y. The components of | are as follows:

J, = hP2xS,(2)/m00.63 x 107 P2xS,(2),

J, = Apd(0S,/0z+ (X12)(8S,/02))/m  (10)
[0.63 x 107 (3S/0z + (x12)(3S,/92)),
where
39S,z = (a2 +bz+c)"”, (12)

9S,/0z = —(S + 2mua,)/ £ (a2 + bz+c). (12)

The partia derivative 0S,)/0z is independent of the spin
polarization. Let us select the sign “plus’ at the square
root of Eq. (12). Solving this equation, we obtain

S, = (2mpa,)*cot f(2),
where
f(2) = (2mua/a)’?

X |n[2(a)ﬂ2(az2 +bz+ C)]J2 +2az+ b] + const, (13)
az0.

Since the focusing parameters are determined by
derivatives of the functions §, and S,, the constant in
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formula (13) can be taken equal to zero. The focusing
of UCNswill take place at a point with the coordinates
x=0and z= 7, where z is determined from the equa-
tion 0J,(x, 2/0z = 0. From this we readily find that the
UCN flux density for a # 0 reaches maximum at the
point with the coordinatesx = 0 and z= z = —b/2a. Here,
the parameter b takes different values for the neutrons
with opposite polarizations. Then, taking into account
the smallness of a, m, and i values, we conclude that
the UCNs with opposite spin polarizations (along and
against thefield) are focused at the points with different
Az. A distance between the points of focusing for the
UCNswith opposite polarizationsis Az = —3,/3,. From
thisit follows that, in the absence of alinear longitudi-
nal inhomogeneity in the magnetic field strength, the
UCNSs of both polarizations are focused at a point with
z=Az.

Thefocusing sharpnessis determined by the deriva-
tive 0S,/0z (obeying the condition 3S,/0z < O for the
sign “plus’ in (12) selected above). According to (12),
it is possible to control the UCN focusing process by
varying the value of a,. For a = 0 (which corresponds
to the absence of the quadratic inhomogeneity with
respect to z), the focusing takes place at b = a +
2mup; = 0. In this case, the neutrons tend to form the
gpatial UCN “bunches’ (i.e., the regions of increased
neutron concentrations) at the points with z values fall-
ing within the interval of a field inhomogeneous with
respect to x. The longitudinal gradient required to
achieve this result is B, = 2.7 x 107'° T/m. As can be
seen, limitations imposed with respect to the longitudi-
nal inhomogeneity are less stringent as compared to
those for the transverse inhomogeneity.

In concluding, let us note that all the above results
follow from the magnetic field profile selected in the
form of EqQ. (1) and the eikonal function taken in the
form of (3).
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Abstract—The factor of damping related to a finite conductivity of metal electrodes and losses in a ferro-
electricfilmiscalculated for slot and microstrip lines based on ferroel ectric film—diel ectric substrate structures.

© 2002 MAIK * Nauka/Interperiodica” .

Previoudly [1], we studied the dispersion character-
istics of slot and microstrip (coplanar) transmission
lines based on ferroelectric film—dielectric substrate
(FF-DS) structures. To provide for a complete electro-
dynamic analysis, it is also necessary to calculate the
factor of damping related to a finite conductivity of
metal electrodes and losses in the ferroelectric film.
Thisfactor, which can be significant for small values of
the dot width in the transmission lines of both types,
has to be taken into account in designing systems with
such elements. Asis known, the contributions to damp-
ing in transmission lines caused by various reasons are
interrelated. However, in the case of small losses
(whereby the electromagnetic field perturbations are
small aswell), the damping can be cal culated consider-
ing losses in the film and electrodes as independent.

Damping caused by losses in the ferroelectric
film. Figure 1 shows a schematic diagram of the cross
sections of the model slot and microstrip lines based on
an FF-DS structure. The damping is determined from
the complex propagation constant y = y' — iy", the
imaginary part of which offers a quantitative measure of
the damping per unit length of theline. For aferroelectric
film with small dielectric loss tangent (tand < 1), the
loss and damping characteristics are related as y" O
(0ylog)etand . The damping factor y" can be calculated
using the results of the analysis of dispersion character-
istics performed for the same transmission linesin [1].
Estimates for a dot line with w = 0.05 mm and d; =
0.34 mm showed that y"[dB/mm] O(5-17)tand for e =
5002500, €, = 9.5, and a frequency of 30 GHz.

Damping caused by a finite conductivity of the
electrodes. In this case, the calculation of damping
requires a rather complicated procedure. For this rea

son, we will only justify selection of the boundary con-
ditionsin the electrode plane (y = 0) for afinite conduc-
tivity o and present the final results.

The approximate boundary conditions on the metal
electrodes, which can be formulated using variousrela-
tionships, must reflect the fact that afinite conductivity
resultsin the presence of an electric current in the elec-

I ()

SO w d()
N Ry

€ d

EO d(]

T (b)

w h w
—— e p—
& dy
v & a"ululy iy y My, "y Myn | Yd
€ d
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Fig. 1. Schematic cross sections of (a) slot and (b) micros-
trip transmission lines.
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trodes. Let us assume that the electrodes are negligibly
thin and nontransparent for the field. In this case, the
surface current with the density j leadsto abreak inthe
tangential components of the magnetic field strength in
the planey = 0:

[nOH(x, +0)—H(x,-0))] = js, @)

where n = g, is the unit vector normal to the €lectrode
surface.

Introducing the surface resistance of the metal elec-

trodesas Z,= (1 +j) .Jwp/20 , we can rewrite Eq. (1)
in the following equivalent form:

E(x,0) = Z[e,(H(x, +0)—H(x,-0))]. (2

Equation (2) is valid for the transmission line elec-
trodes and can be applied to the Fourier transform
E (0, 9). In the slots of both lines under consideration,
the field components E4 (0, s) and E,(0, s) can be

approximated by an expansion obtained using the
Galerkin method [1].

The boundary conditions for E, (0, s) and E; (0, )
in the planey = 0 can be written as follows:

Ex(0, s) — Z,(H,(+0, s) —H,(-0, s)) =

E.(0, ) — Zy(H«(+0, s) — H«(-0, 5))

By applying the boundary conditions (3) to the Fou-
rier transform of the fields determined as described
in[1], we obtain a model for calculating the complex
propagation constant y by the Galerkin method. The
results of damping factor calculation for slot and
microstrip transmission lines based on ferroelectric
films are presented in Fig. 2, where they" valueis plot-
ted versus the product ed. Using these plots, the damp-
ing factor can be determined for various ferroelectric
film thicknesses (0 < d £ 5 x 10 mm) and permittivi-
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ties (¢ ~ 10%-2.5 x 10°). The cal cul ation was performed
for a dielectric substrate with the parameters d; =
0.34 mm and g, = 9.5 at a frequency of 30 GHz. The
calculation error does not exceed fractions of percent.
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Abstract—The thermal stability of submicron films of an amylmethacrylate—amylacrylate copolymer contain-
ing chemically bound fullerene Cqy was studied by mass spectrometry. The thermal stability of thiscomposition
depends on the film thickness 6. For & > 10 nm, a low-temperature stage of the thermal degradation was
observed. The intensity of this process increases with the film thickness. The energy parameters of the two
stages of thermal degradation kinetics were determined. A decreasein the thermal stability with increasing film
thicknessis explained by the chemical activity of fullerene in the course of heating the polymer-based compo-

sition. © 2002 MAIK “ Nauka/Interperiodica” .

In practice, fullerenes are most frequently used in
the form of chemical compounds and compositions, in
particular, of the polymer—fullerene type, rather than in
the pure form. The fullerene-containing compositions
are of specia interest as a means of combining the
unique electronic properties of the fullerene molecules
with a variety of special properties of the matrix mac-
romolecules. At present, there are extensive investiga-
tions into the properties of such systems[1, 2]. In par-
ticular, it was established that the presence of fullerenes
affectsthe thermal stability of polymer-based composi-
tions [3, 4], but the mechanism of thisinfluenceis still
incompletely clear.

As is known, the properties of thin polymer films
may significantly vary on the passage from micron to
submicron (nanometer) scale. For example, a differ-
ence in the thermal stability of ultrathin adsorbed films
in comparison to that of the bulk polymer is usualy
related to the substrate effects (e.g., catalytic action)
and/or redistribution of contributions to the kinetics of
thermal degradation due to various elementary chemi-
cal decomposition reactions developed under condi-
tions of reduced dimensionality leading to limitation of
the intra- and intermolecular interactions [5, 6].

We have studied the effect of film thickness on the
thermal stability of submicron fullerene-containing
polymer layers based on an amylmethacrylate—amyl-
acrylate 1 : 1 (molar ratio) copolymer denoted below as
co(AM-AA). This copolymer offers a convenient
model system for investigating the behavior of quasi-
two-dimensional copolymer films in thermal fields. At
the sametime, theintroduction of Cg,into co(AM-AA)
macrochains opens the possibility of preparing mono-
and multilayer Langmuir-Blodgett films important for
microelectronics. In our samples, the co(AM-AA)-based

polymer—fullerene composition contained 2.5 wt % of
fullerene Cg, chemically bound to the copolymer chain;
this system is denoted below as co(Cgi—AM—-AA). The
copolymer was synthesized by AIBN-initiated radical
polymerization in evacuated ampules at 60°C. In order
to obtain the co(Cg—AM—-AA) composition, a solution
of fullerene Cg, in o-dichlorobenzene was added to the
AM-AA monomer mixture. The initiator (10% of the
mixture weight) was added in two steps: 5% in the
beginning of the process and 5% after the reaction pro-
ceeding for 48 h. The reaction product co(Ce—AM—
AA) was identified by stepwise adsorption thin-layer
chromatography [7, 8].

Thefilm samples were prepared by depositing a cer-
tain volume of asample solution in cyclohexanone onto
a substrate-heater surface (oxidized tantalum ribbon)
with the aid of a microsyringe. The solution was dried
at room temperature, after which the sample was intro-
duced into the vacuum chamber of amass spectrometer.
The weight-average film thickness & was calculated
using the values of the polymer solution volume, con-
centration, and area on the substrate. By changing the
volume and concentration of the solution, it was possi-
bleto control the film thicknessin the range from 10 to
1200 nm. The sample heating rate was 5 K/s.

The thermal stability of a polymer film is usualy
characterized by the parameters of thermal degradation.
We determined these parameters using a mass-spectro-
metric technique developed previously [9, 10]. Using
this method, we measured the mass spectra of volatile
products of thermal decomposition of macromolecules
and determined parameters of the Arrhenius relation-
ship, including the activation energy E and the preexpo-
nential factor A. In addition, we analyzed the shape of
the kinetic curves and determined the characteristic
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Fig. 1. Temperature variation of the rate of amylmethacrylate evolution dNpp,/dt from co(Cgg—AM—AA) films of various thick-

nesses. 6 = 10 (a), 200 (b), and 1200 nm (c). The inset shows the time variation of the total ion current (TIC) during heating of the
500-nm-thick films of (1) co(Cgg—AM-AA) and (2) co(AM—-AA) with 2.5 wt % of molecularly-dispersed (chemically unbound)

Cep introduced via solution.

temperatures (T, of peaks corresponding to the max-
imum rates of evolution of various volatile products. It
is expedient to measure the temperature dependence of
the rate of thermal degradation of a copolymer of the
co(AM-AA) type in terms of the AM yield dN,y,/dt =
f(T). Indeed, an analysis of the mass spectra showed
that the AM monomer is the main volatile product of
thermal degradation of the copolymer studied. In the
case of the fullerene-free copolymer co(AM-AA), the
increase in O is accompanied only by a proportional
growth of the AM peak, while the single-mode charac-
ter of the temperature dependence and the peak position
remain unchanged. The activation energy for the ther-
mal degradation of co(AM-AA) is E = 150 kJ/mol and
the preexponentia factor is logA = 14. The films of
copolymer with grafted fullerene Cy, exhibit a different
behavior.

Figure 1 showsthe plots of dN,,,/dt = f(T) measured
for the films of various thicknesses . For the thinnest
polymer—fullerene composition film (& = 10 nm), the
thermogram also exhibits a single-mode character (and
the activation energy isaso E = 150 kJ/mol). However,
thicker films are characterized by a two-stage thermal

degradation process with T, = 320°C and T2, =
390 + 10°C. Anincreasein thefilm thicknessis accom-

panied by the growth in intensity of the low-tempera-
ture peak. This stage is characterized by a significantly

lower activation energy E = 67 kJ/mol and logA =9. It
isimportant to emphasi ze that the shape of the thermo-

TECHNICAL PHYSICS LETTERS Vol. 28 No. 3

2002

gram and the temperature range of AM evolution fully
coincide with the shape and width of the simulta-
neously measured temperature dependence of the total
ion current (TIC) (seetheinset in Fig. 1). Asis known
the TIC value is proportional to the current pressure of
volatile products in the continuously pumped vacuum
chamber and, hence, this curve reflects the kinetics of
the total yield of all products and, hence, the sample
mass loss in the course of thermal degradation[10, 11].
The plot in the inset also demonstrates that the thermal
degradation kinetics is not influenced by the molecu-
larly-dispersed fullerene Cg, introduced into the sample
via solution (not chemically bound to the copolymer
matrix).

Using the temperature dependence of the rate of Cyg,
evolution (determined by the peak intensity of the cor-
responding molecular ion dN,,,/dt), we determined the
kinetic of losing this component from the polymer—
fullerene composition (Fig. 2). The total amount of Cg,
liberated from the copolymer in the course of thermal
degradation was close to the Cg, content in the initia
charge (2.5%). The observed difference can be
explained by the presence of fullerene adducts formed
in the course of the copolymer synthesis and removed
in the course of purification by reprecipitation. As can
be seen from Fig. 2, Cg, is evolved from the fullerene—
polymer composition filmin the entire range of thermal
degradation of the copolymer (270-400°C).
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Fig. 2. A typical temperature variation of the rate of fullerene Cgg evolution dN7,p/dt from co(Cgg—AM—-AA) filmswith &> 10 nm.

Thus, the appearance of alow-temperature stage of
thermal degradation and a significant decrease in the
thermal stability of submicron (nanometer-scale) layers
of the polymer—fullerene composition are related to the
presence of a chemically bound fullerene Cg,. It must
be taken into account that the thickness of a monomac-
romolecular layer (composed of polymer coils) usually
amounts to 5-10 nm. Therefore, desorption of the
fullerene molecules from the sub- and monomolecular
layers does not involve significant interaction with
macromolecules. In other words, the bimolecul ar reac-
tions are switched off. For & > 10 nm, thisinteractionis
evident and the intensity of such reactions increases
with the film thickness. Thisimpliesthat fullerene mol-

ecules (in the form of free radicals of the type Cg,

and/or Cg R, etc.) diffusing in the polymer layer in the
region of the thermal degradation temperatures may
catalyze elementary decomposition reactions responsi-
ble for the therma instability of nanometer-scale
co(Ceo—AM—-AA) films.
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Abstract—The optical and structural properties of heterostructures with quantum dots (QDs) inthe INASGaAs
system overgrown with an InGaAs solid solution were studied. The QD layers were obtained using different
molecular beam deposition techniques: molecular beam epitaxy versus submonolayer migration-stimulated
epitaxy. The photol uminescence peaks in the spectra of samples with overgrown QD layers occur in the wave-
length range from 1.18 to 1.32 um. It was found that the growth conditions also influence the electronic struc-

ture of QDs. © 2002 MAIK “ Nauka/Interperiodica” .

Creating the laser diodes emitting at awavel ength of
1.3 and 1.55 um isimportant for using these devicesin
fiber optic communication systems. Recently [1, 2], we
have demonstrated the possibility of obtaining laser
diodes with the photoluminescence (PL) peaked within
a 1.3-14 um wavelength interval using hetero-
structures with vertically stacked quantum dot (QD)
arrays.

Here we report on the results of investigations of an
aternative method, which allows reaching a wave-
length interval at and below ~1.3 pm. The method con-
sists essentially in overgrowing the QD layer with an
InGaAs solid solution. It was shown [3] that the PL
peaksin the spectra of heterostructures grown with this
geometry are shifted toward a longer wavelength as
compared to those of the samples with not-overgrown
QD layers. It was established [4] that this effect is
related to decomposition of the InGaAs solid solution
stimulated by the strained (QD) regions, which is fol-
lowed by the diffusion of In atoms toward strained
regions, leading to an effective increase in the QD size.
Lasers based on such structures were demonstrated to
generate at awavelength closeto 1.3 um [5].

Besides reaching the desired wavelength range of
lasing, it isimportant to provide for a high temperature
stability of laser operation. The overgrowth of an
InGaAs solution above the QD layer in the system stud-
ied leads to adecrease in the degree of carrier localiza-
tioninthe QDs as compared to those coated with GaAs
layers, since carriers are more readily transferred to the
InGaAs matrix when the temperature increases. In
addition, the laser emission band can significantly vary
when several electron level swith different temperature-
dependent occupancies are present in the QDs, which

may lead to a shift of the emission wavelength. In this
context, the presence of excited levelsin QDs should be
considered as a hegative factor.

Taking into consideration these considerations, we
have also studied a modification of the growth technol-
ogy whereby, first, the growth process was interrupted
after forming InAs quantum dots on the GaAs substrate
surface and, second, the QD layer was grown by the
submonolayer migration-stimulated epitaxy (SMSE)
technique.

The methods of sample growth and characterization
were analogous to those described previously [1]. In
order to study the influence of the number of InAs
monolayers (ML) in the QD layers and the role of the
QD growth mechanism, we prepared two series of sam-
ples. The main parameters of the heterostructures stud-
ied are listed in the table. In the first series of samples
(A-D), the QD layerswere grown by ordinary molecu-

The main parameters of InGaAs/GaAs heterostructures with
InAs QDs grown by MBE and SM SE methods

Sample QD growth | Number of InAs PL peak

method |monolayersin QDs| position, um
A MBE 18 1.19
B MBE 2.0 131
C MBE 25 1.29
D MBE 3.0 1.24
E SMSE 2.0 112
F SMSE 25 1.24
G SMSE 3.0 -

1063-7850/02/2803-0191$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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lar beam epitaxy (MBE); in the second series (E-G),
we employed the SMSE technique [6]. In the samples
with QDs grown by MBE, the InAslayer thicknesswas
varied from 1.8 to 3.0 ML. After the QD layer deposi-
tion, the samples were exposed for 150 s to a flow of
As,. The latter provided for a more homogeneous
nanoisland size distribution and/or for an increase in
the QD size. Then a 5-nm-thick layer of the
INg15Gay gsAS solid solution was grown over the QD
layer. This was followed be depositing a 2-nm-thick
layer of GaAs, after which the temperature was
increased to 600°C and thefinal 8-nm-thick GaAslayer
was grown. During the QD layer growth by the SMSE
technique, each cycle included the deposition of
0.4-0.5 ML of In and a 10-s exposure to the As, flow.

Figure 1 shows the PL spectra of samplesA-D with
MBE-grown QDs (see table). As can be seen, the PL

100 nm
L
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peak exhibits a nonmonotonic dependence on the
amount of deposited InAs (QD layer thickness), which
can be explained as follows. The deposition of a small
amount of InAs (1.8 ML) leads to the formation of a
large number of relatively small islands generally fea
turing no localization of the charge carriers. However,
variations in the QD size result in that there are some
“active” InAsidlands capable of localizing the carriers.
Participation of these islands in the radiative recombi-
nation yields a small contribution in the PL intensity
(Fig. 1, curve 1). As the amount of deposited InAs
increasesto 2.0 ML, the QDs grow in size, which leads
to adecreaseintheir ground level and, hence, to along-
wave shift of the PL peak (Fig. 1, curve 2), in agree-
ment with results obtained previously [3]. Theincrease
in the PL peak intensity observed in samples B and C
with the QD layer thicknesses 2.0 and 2.5 ML (Fig. 1,
curves 2 and 3, respectively) as compared to sample A
(1.8 ML of InAs) can be explained by anincreasein the
number of QDs capable of localizing the charge carri-
ersinvolved in the radiative recombination.

Figure 2 shows a cross-sectional image of the het-
erostructure with a2-ML-thick QD layer examinedina
transmission electron microscope (TEM). From this
TEM image, we can estimate the characteristic lateral
QT sizeat ~23 nm, which isgreater than the lateral size
of usual QDs (~14 nm). When the amount of deposited
InAsisfurther increased up to 3.0 ML, the PL intensity
drops because the relatively “large” QDs reaching a
certain critical size exhibit the formation of disloca-
tions, which leads to decrease in the luminescence effi-
ciency. The main contribution to the PL intensity is due
tothe QDsof asmaller size, asmanifested by the PL peak
shifting toward shorter wavelengths (Fig. 1, curve 4). It
should be noted that the PL spectra of samples in the
first series display, besides the peak of transitions from
the ground state, an additional signal corresponding to
the first excited state of QDs, which is located on the
short-wavelength side of the main pesk.

In this study, we also used the SMSE technique to
provide for the obtaining of QDs possessing increased
lateral dimensions as compared to those grown by
MBE. This series included three samples (E-G, see
table). The first two samples contained the QD layers
with anominal InAslayer thicknessof 2.0 and 2.5 ML;
the corresponding PL spectra are presented in Fig. 3
(curves 1 and 2, respectively). The third sample, with a
QD layer thickness of 2.5 ML, proved to be optically
inactive, which is probably related to alarge density of
misfit dislocations.

Fig. 2. TEM micrograph of the transverse cross section of a heterostructure with a2.0-ML-thick QD layer grown by MBE.
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A comparison of Figs. 1 and 3 shows that the sam-
pleswith MBE-grown QDs are characterized by the PL
shifted toward alonger wavel ength as compared to that
of the samples with SMSE-grown QDs containing the
same amount of deposited InAs (seetable). Thiscan be
explained by the fact that the SM SE-grown QDs pos-
sessagreater lateral size[6] at asmaller height as com-
pared to the MBE-grown islands, which leads to an
effective decrease in the QD volume and an increasein
the optical transition energy. In addition, the PL inten-
sity of the sample with 2-ML InAs layer grown by
MBE is eight times that of the analogous sample pre-
pared using the SMSE technique. Taking into account
our previousresults, we conclude that the SM SE-grown
isands possess a lower density and, accordingly,
greater lateral dimensions than the MBE-grown
islands. In connection with this, the obvious decreasein
the PL intensity in comparison to that observed for the
samples prepared using the traditional MBE technol-
ogy can be explained by the fact that the size of SM SE-
grown QDs with an InGaAs overlayer exceeds the crit-
ical level, which leads to an increase in the probability
of defect formation.

It isimportant to note that the PL spectraof samples
with the SM SE-grown QDs exhibit no additional peaks
in the immediate vicinity of those corresponding to
transitions from the ground state of QDs. Thus, we may
suggest that the QDs of this type either possess no
excited levels at all or a distance between the ground
level and thefirst excited level is so small that the lines
of emission from these levels are not resolved by the
methods used in our experiments.

Thus, we have demonstrated the basic possibility of
obtaining emission at a wavelength in the region of
1.3 um using heterostructures with the InAs quantum
dots and the active region located in the external
InGaAs quantum dot grown by the modified MBE
method. The proposed technology is simpler as com-
pared to that using multilayer structures with InAs-
based QDs and ensures the obtaining of heterostruc-
tures possessing better crystallographic quality. Using
the SM SE technology, it is possibleto increase the tem-
perature stability characteristics by eliminating the
emission from an excited state of QDs. This result is
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Fig. 3. The PL spectra of heterostructures with QD layers
grown by SMSE (followed by a 150-s exposure to an As
flow and by overgrowth of an Ing 15Gag gsAs solid solution

layer). The nominal QD layer thicknessis (1) 2.0 ML and
(2) 2.5 ML (seethetable, samples E and F, respectively).

important for laser applications of the structures with
QD arrays under consideration.
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Abstract—A disadvantage of the known numerical and numerical-analytical methods for the calculation of
dipole antennas is a decrease in the computational efficiency with decreasing dipole tube radius. A new asymp-
totic method is proposed exhibiting the opposite trend, whereby a decrease in the dipole radius leads to an
increase in the efficiency of calculations. Thus, the new method supplements the traditional numerical and
numerical-analytical techniques. © 2002 MAIK “ Nauka/Interperiodica” .

Formulation of the prablem. Previously [1], athe-
ory of the integral equation of dipole antennas was
developed and the employed Galerkin method was jus-
tified. Subsequently [2], a numerical-analytical method
was developed for the calculation of active antennas
excited by lumped sources.

A drawback of the methods employed in [1, 2] was
adrop in the computational efficiency with decreasing
the dipole tube radius. Moreover, these methods were
essentialy incapable of answering the question as to
how the antenna characteristics would behave in the
limit asthe dipol e radius tendsto zero. The same disad-
vantage is inherent in the methods proposed in [3], as
well asin other papers. Therefore, the problem of cal-
culating thin vibratorsis still of importance.

Interesting methods for calculating thin vibrators
were proposed in [4, 5]. Leontovich and Levin [4]
obtained a one-dimensiona integrodifferential equa-
tion for the current along the dipole. However, this
eguation was derived based on certain assumptions and,
hence, also possessed an approximate character.
Kapitsa et al. [5] obtained an infinite set of linear alge-
braic equations for the current and established a rela
tionship between this set and the integrodifferential
equation derived in [4]. However, later, the authors
of [3] revealed a slow convergence of the truncation
method with increasing number of basis set functions
and, apparently, refused to develop this approach.
Below we propose a new method, free of the aforemen-
tioned disadvantages, which alows the problem of thin
vibrators to be solved.

Reduction of the integro-differential equation to
an infinite set of linear algebraic equations. Consider
a tubular cylindrical dipole with a length of 2l and a
radius of a. Under the action of a primary electric field

ES (2) (assumed to be axisymmetric), axial currents are
induced in an ideally conducting surface. The density

j(2) of these surface currents obeys the following inte-
grodifferential equation [4]:

nd” +kEIIjZ(Z)eXp( PR 45 = iweE%(2), (1)

where

R = J(z—2)%+2a[1— cos(d —4")].

First, let us elucidate the reason for the low effi-
ciency of the method proposed in [5]. The method was
based on solving an integral equation with a logarith-
mic singularity in the kernel, derived from (1) by inver-
sion of the differential operator. A solution to such an

equation is known to behave as the function = a
1-x

the boundaries of the interval x O [1, —1]. Expanding

the function in a trigonometric series and determining

the corresponding coefficients, we abtain

+00
= Z ¢, cos(Tnx),
n=0

1
A/1—x2

%snnJo(nn), €, =

(2
M, n=0,

c, = %2, n>o,

where J, isthe Bessel function.

As can be seen from formulas (2), the seriesis in
fact slowly converging. Now let usturn to integrodiffer-
ential equation (1), the solution to which behaves asthe

function /1—x*> a the boundaries of the interval
[1, —1]. Expanding this function into a trigonometric

1063-7850/02/2803-0194%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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series becoming zero at the boundaries, we obtain

= nglcncos%rznz_ 1%,

2y g2n-1
2n—-1'0" 2 O

©)

C, =

where J; isthe Bessel function.

Note that series (3) converges much faster than does
series (2). Thisis an important advantage of the initial
integrodifferential equation as compared to the integral
equation solved in [5]. In order to reduce the two-
dimensional Eg. (1) to a one-dimensiona equation, we
will use an expansion of the Green function into a sum
of integralsin acylindrical coordinate system [6]:

%%B—) - 4_11T :Z_ exp(—=in(¢ —9¢"))

2 2
><{EXIO(—h—klZ—il) i

Using this relationship, two-dimensional Eqg. (1)
reduces to the following one-dimensional equation
with respect to current (the current is obtained from the
density upon multiplying by the factor 21@a):

(4)
hah.

_ . el o
Etkl)d +(k|)gIB(r t)I(t)dt = '[ﬁ?E (1),

where

+o00

1 > Jo(hka)
4T[J’ exp(—/h" =1t —t|)
0

Jh? =1

New let usrestrict the consideration to the even case
and expand the current function in the trigonometric
basis set:

B(T,t) = hdh.

2n2— 1n. ©6)

Vi, =

I(1) = chcos(vnT),

The integrals involved in solution of Eg. (5) can be
determined by using the Galerkin method with the basis
set (6):

1

J'exp(—xIT —t])cos(v t)dt

_ 2xcos(v 1) N exp(—x) (7)

2 2
X"+ v,

X+ V2
X VSNV (exp(XT) + exp(—XT1)),
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J’J’exp(—xlt —t|) cos(v t)cos(v ,T)dtdt
®)
_ 22x6mnz+ 2(-1) vy, _(1+ exp(-2x)),
v (CHv) ¢+ vy
1 1

2

1l 0
J’d—zg exp(—x|t —t|) cos(v t)dtdcos(v,1)dt
—1dT -1 D

“2XV 2B 2(=1)"""v v X
= 2XVoOm , 2(-1) 1+ exp(-2x)). (9
ErvE OETVE)OE+ V)

(M, m=n,

O Ep m# n.

Since formulas (7)—(9) are readily obtained in terms of
the elementary integrals, the details are omitted. A
remarkable fact is that, in the course of calculating
these integral's, elements have appeared which are dif-
ferent from zero only on the diagonal wherem=n.

Using the expansion (6) and taking into account for-
mulas (7)—<9), we reduce Eg. (5) to an equivalent infi-
nite set of equations

14 v
2”[(k|) DBnC + Z C Kmn - nl (10)
where
J2(kax)x
Bn = ° >-d
0 X2_1+ Vn2
(k1)
1
_ i 0
e, = 120nkIE (t)cos(v ,T)drT,
-1
- KV, v (=1)™ " %333 (kax)

TR
(1+ exp(=24/x> = 1KI))

(O =1)(KI)? + v (X = 1)(KI)* + vE)

It should be noted that the above matrix elements are
written for the case when x = 1; to obtain the elements

X

for x < 1, it is necessary to subgtitute i 1-x* for

A/xz—l.
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Table 1. Theinput impedance of a halfwave dipole calculated using a basis set satisfying the Meixner edge conditions [1]

|
W=T,1 =60
N
II:o.l -ll-:ka II:10ka

1 108.31 - i4.21032 107.63 — i8.5062 10054111654

5 91,534 + i50.739 94.808 + 48,152 80,985 + 153.830
10 92.037 + 50,437 95.462 + 147.687 80.984 + 53.842
15 92.063 + i50.415 95.538 + 47,622 80,975 + i53.844
20 92.064 + i50.413 95.538 + i47.624 80.976 + i53.843

Table 2. The input impedance of a halfwave dipole calculated using atrigonometric basis set

m |
=11 =60
N
II:o.l -ll-:ka II:10ka

1 78.568 + 137.002 80.552 + 134.847 78.033 + 139.815
5 88.745 + 144.335 01.446 + 141640 87.493 +147.765
10 90.476 + 146,614 93.658 + 143.902 88.740 + 150,033
20 91.120 +48.175 94,346 + 145.446 80,225 + i51.596
40 91.553 + 149.207 94.836 + 146.473 89.570 + 152,635
80 91.794 + 149.887 95.132 + 147.041 80.758 + i53.206
100 01.842 +49.887 95.100 + 147.153 89.800 + i53.318
120 91.873 +49.960 95.228 +47.225 89.821 +53.301
150 91.903 + 150,030 95.265 + 147.296 80,845 + 153.465

In order to calculate the 3, values, let us represent
the integral as a sum of two integrals,

+o00

Jo(kax)x o\ Vel Vol
I V2 —og Oteg ) O
2 n
ox =1+ >
(k)
E [ (11)
. o0 Ja(kax)x ~ B(kax)d "
O] 2 2 77
0%(2_1+ Vn2 2+ Vi O
(k1 (kh

after which the poorly converging integral will be cal-
culated by analytical methods. Cornvergence of the
approximate solutions to the exact ones was proved
in[1]. The matrix elements are represented by one-
dimensional integrals, all of which remain converging
when a tends to zero. In this respect, the proposed

method is essentially asymptotic, albeit the unknown
current is determined by solving a set of equations.

v,a
I
tube radius, the asymptotic behavior of

lo(X)Ko(X) = In(1/x) + 0.115947,

As the quantity x = decreases with the dipole

X—0

indicates that the element 3, on the main diagonal of
the matrix of set (10) increases and, hence, the efficacy
of the numerical methods of solving the set (10) grows.

Results of numerical calculations. Table 1 pre-
sents the input impedances calculated using the basis
set satisfying the Meixner edge conditions[1]. The data
in Tables 2 and 3 were obtained using a trigonometric
basis set. In all cases, the data were obtained using a
numerical-analytical method for solving the infinite set
of equations [2]. We assume that the quantity 2T/1, rep-
resenting the width of a region at the middle of the
dipole in which the primary electric field is nonzero,
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Table 3. Theinput impedance of a halfwave dipole calculated using atrigonometric basis set (for a reduced dipole radius)

k=11 - 1000000
2’ a
N
-II =01 -II =ka -II = 10ka
1 74.483 +i41.981 74541 + 41,586 74541 +i41.586
2 76.516 + 43.206 76.615 + i42.801 76.615 + i42.801
10 76.360 + i43.918 76.461 + 143,515 76.461 + i43.515
50 76.375 + i44.128 76.469 + i43.722 76.469 + 143.722
150 76.379 +i44.163 76.472 + i43.755 76.471 +i43.755

equals Uy/2T, where U, is the voltage amplitude. The
quantity N in Tables 1-3 indicates the order of a set of
linear algebraic equations numericaly solved on a
computer. Intheseterms, datain thetablesillustrate the
rate of convergence and the efficiency of the cal culation
methods. Tables 1 and 2 demonstrate excellent coinci-
dence of the results calculated by the two methods. As
can be seen from Table 3, adecreasein thedipoleradius
is accompanied by improved convergence of a solution
obtained using the trigonometric basis set.
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Abstract—A model is suggested that describes the misfit defects of a new type—dislocation dipoles—in
nanodimensional films with periodically modulated chemical composition. The critical thicknesses of such
inhomogeneousfilms are determined, above which the formation of misfit dislocations or their dipoles becomes
energetically favorable. It is shown that a critical thickness for the dislocation dipole nucleation can be smaller
than that for the ordinary misfit dislocations. © 2002 MAIK “ Nauka/lnterperiodica” .

Nanodimensional films (nanofilms) with periodi-
cally modulated chemical compositions are promising
materials for modern nano- and optoel ectronic devices
(see, e.g. [1]). Similarly to the case of filmswith homo-
geneous compositions, the misfit of the crystal lattice
parameters between the inhomogeneous film and the
substrate in such systems leads to the development of
internal (misfit) stresses. In the case of homogeneous
films, the misfit stresses are usually accommodated
(relaxed) at the expense of formation of the misfit dis-
locations (see, e.g. [2-4]).

In inhomogeneous films with modulated composi-
tion, the crystal lattice parameters exhibit periodic
oscillations. When the average | attice parameter of such
a film coincides with that of the substrate, the misfit
stresses exhibit aternating signs [5, 6]. An effective
mechanism for the relaxation of such stressesis proba-
bly offered by nucleation of the misfit defects of a new
type called the dislocation dipoles. The dislocation
dipoles in a composition-modulated film of Ga,gln, sP
were observed in experiment [7]. It should be noted that
similar defect configurations effectively accommodate
the internal misfit stresses in nanocrystalline films with
a homogeneous composition [8].

The purpose of this study was to develop atheoreti-
cal model of misfit dislocation dipoles and to determine
the critical parametersfor the formation of misfit dislo-
cations and their dipoles in the films with inhomoge-
neous composition.

Consider an isolated dipole formed by the edge dis-
locations spaced by a distance p, with the Burgers vec-
torsb and —b (Fig. 1). The dislocations are situated at
the interface between a semiinfinite substrate and afilm
with thethickness H. For certainty, wewill consider the
dipoles of 60° and 90° misfit disocations similar to
those observed in the aforementioned Gay 51Ny 5P films
[7]. In order to calculate the critical parameters for the
nucleation of amisfit dislocation dipole, wewill usethe

following assumptions of a model [5] describing com-
position inhomogeneitiesin the films free of misfit dis-
locations.

(i) The film and substrate are elastically isotropic
solids possessing cubic crystal lattices and equal values
of the shear modulus G and the Poisson ratio v.

(ii) The average crystal lattice parameter of the film
with modulated composition coincides with the lattice
parameter of the substrate.

(iif) The film composition modulation is the same
through the entire film thickness.

(iv) The crystal lattice parameter a of the film exhib-
itsasinusoidal variation with the coordinate x along the
film—substrate interface:

a = ay(1—¢gqcosax), D

where g, isthe crystal |attice parameter of the substrate,
€, 1sthe modulation amplitude, and a isthe modulation
frequency. The value of a is determined from the con-
dition of a minimum of the elastic energy of the film—
substrate system that is related to the crystal lattice
misfit between the film and substrate. Under assump-
tions (i)—(iv), the misfit stresses related to modulation

X1 X1 +p
2

Fig. 1. A schematic diagram of the dislocation dipole
formed at the interface between film (1) and substrate (2).
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of the crystal lattice parameter in the film can be calcu-
lated as described in [5].

Let us determine the conditions under which the
nucleation of amisfit dislocation dipole at the film—sub-
strate interface would energetically favorable. For this
purpose, we will compare the energies of the system
with and without such a dipole. In the absence of the
misfit dislocations, the system energy includes only the
misfit strain energy. When an isolated misfit dislocation
dipole is formed, the energy W per unit length repre-
sents a sum of four terms:

W = Wo+ WP+ WP o, )

where WP is the energy of elastic misfit deformations
(per unit dislocation length), WAP is the self-energy of
the misfit dislocation dipole, WP~ is the energy of
interaction between the dipole and the elastic fields of
misfit stresses, and W< s the dislocation core energy.
Nucleation of the misfit dislocation dipole is energeti-
cally favorable if this leads to a decrease in the total
energy, that is, if W — WP < 0. Taking into account
Eqg. (2), this condition can be written as

WP+ WP 4 2w < 0, )

In order to calculate the energy WP of the misfit
dislocation dipole depicted in Fig. 1, we have used the
stress functions[9] for an edge dislocation near the free
surface. The W9P-f value was calculated using the
exact formulas [5] for the field of misfit stresses in a
film with periodically modulated composition. Accord-
ing to [10], the dislocation core energy is Weore =
Gb?/[41(1 — v)]. Substituting this expression for Weore
and the known expressions for WP and WP -finto ine-
quality (3), we arrive at the following condition for the
misfit dislocation dipole nucleation: H > H., where H,
is the critical film thickness determined from the rela
tionship

8m(1+v)f,
2 2 2
= &D(D—lJr(bZ/bX) In2—H°—In—p +4|_|°+1 4
Heg 2 b p’

» 2Hel(b,/b,)"(12H + p') - (4Hc + 3p)] O
(4HE+p7)’ 0
Here, f, = £,(0.158 + 0.0047b,/b,) SinTp/T and T = 2/a
isthe period of the crystal lattice parameter modulation

in the film. An analysis of formula (4) shows that the
critical thickness H, hasaminimum at p = T/2.

An equation for determining the critical thickness

He (above which the nucleation of asingle dislocation
at the film—substrate interface is possible) can be
derived in the same manner asit was donefor determin-

ing H.. Figure 2 shows the critical film thicknesses He
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Fig. 2. Dependence of the critical film thickness I:|C/b on
the modulation amplitude g for the nucleation of 60° and
90° single misfit dislocations (I:lclb, coinciding solid
curves) and the 60° and 90° misfit dislocation dipoles (H /b,
upper and lower dashed curves, respectively).

and H_ for the nucleation of 60° and 90° misfit disloca-
tions and their dipoles at the film—substrate interface
plotted versus the parameter 8m(1 + v)g, for p = T/2.

The plots of He (o) for singledislocations (solid curves
in Fig. 2) coincide.
Ananalysisof Fig. 2 allowsusto draw thefollowing

conclusions. First, the critical thicknesses H. and H,
for the nucleation of single misfit dislocations and their
dipoles in the films with modulated compositions
decrease with increasing modulation amplitude ,. Sec-

ond, the critical thicknesses I:|C and H, for the nucle-
ation of 90° misfit dislocations and dipoles are smaller
than the analogous values for the 60° dislocations.

Third, the critical thicknesses H. for the nucleation of
single misfit dislocations in the films with modulated
composition is greater than the analogous value for the
formation of dipoles of such dislocations. Thusin asuf-
ficiently thin film with modulated composition (H <
H,), neither misfit dislocations nor their dipolesformin
the film. As the film thickness increases so as to fall

within the interval H, < H < H, a misfit dislocation
dipole can form in the system. The further increase in
the film thickness makes possible the formation of both
individual misfit dislocations and their dipoles. In addi-
tion, the calculations show that the formation of misfit
didlocation dipoles in inhomogeneous films is energet-
ically morefavorabl e than the formation of single misfit
didocations. The last conclusion agrees with the exper-
imental data [7] on the didocation dipoles formed in
nanodimensional GayslnysP films with modulated
compositions.

Thus, we have theoretically analyzed the conditions

for nucleation of the misfit disocations and their
dipoles in films with inhomogeneous compositions. It
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was demonstrated that the critical thickness and the
energy of formation of the didocation dipoles is
smaller than the analogous values (critical thickness
and formation energy) for single misfit dislocations.
Therefore, the dislocation dipoles may be typical ele-
ments of the defect structures of films with inhomoge-
neous compositions, which agrees with the experimen-
tal datareportedin [7].
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Abstract—It isdemonstrated that Ba—M hexagonal ferrite filmswith athickness of ~100 nm and the properties
required for the data recording at a superhigh density can be synthesized on an amorphous substrate. The films
are aobtained on SiO,/Si substrates by magnetron sputtering of a Ba—M ferrite ceramic target in a gas mixture
of Ar and O, taken at the partial pressures of 3.5 and 0.5 mTorr, respectively. In order to obtain the required
crystal and magnetic structure, the films were annealed for 1 h at 700, 800, or 900°C. The experimental data
show that the annealing at 800°C leads to crystallization of the amorphous deposit into a hexagona ferrite of

the Ba-M type. © 2002 MAIK “ Nauka/Interperiodica’ .

In the past decade, there was extensive investigation
of the possibility of using thin films of Ba-M hexagonal
ferrites asamedium for the high and super-high density
datarecording. Asis known, theincrease in the density
of data recording in a magnetic medium requires an
increase in the coercive force of the material. Another
possibility is offered by decreasing the distance
between recorder and carrier, which poses additional
requirements to the carrier with respect to mechanical
strength and chemical stability.

It was shown by many researchers (see, eg., [1])
that thin films of a hexagonal ferrite of the Ba—M type
(e.g, with the chemical formula BaFe;,0,¢), meet all
the above requirements. Unfortunately, wide practical
application of thin Ba—M ferrite films as the recording
mediais hindered by the necessity of synthesizing these
filmson single crystal plate substrates. Thisisrelated to
strict requirements concerning orientation of the crys-
tallographic axis C in the films; moreover, different ori-
entations of the C axis are required in various applica-
tions. However, the use of single crystal plate substrates
significantly increases the final cost of such Ba—M fer-
rite films (mostly due to the substrates as such). This
factor considerably restrictsthe range of applications of
Ba—M ferrites asthin films.

In connection with this, a considerable effort of
researchersin recent years was devoted to the develop-
ment of technologies for obtaining the films with
required parameters on cheap substrates. It might seem
that the use of amorphous substrates would preclude
from the formation of films with preset orientations of
the C axis. However, it was demonstrated (see [2] and
references therein) that the films of Ba—M ferrites with
the C axis oriented along the normal to the substrate
surface can be obtained on quartz plate substrates using

amodified RF sputtering technique. These results gave
anew impact to the search for other possible substrates,
including amorphous materials, and the devel opment of
new technological methods for the synthesis of films
with preset parameters, in particular, with required ori-
entation of the C axis.

A well-known method of thin film synthesis, which
iswidely used for the fabrication of thin Ba—M ferrite
layers, consistsin sputtering atarget with certain compo-
sition, depositing the sputtered material onto a substrate,
and annealing the deposit. It was demonstrated [3] that
the properties of thin Ba-M ferrite films strongly
depend on the chemical composition. Despite a consid-
erable number of publications, the crystallization pro-
cesses and factors affecting the properties of such com-
plex oxide systems as thin ferrite films are still insuffi-
ciently studied.

The purpose of this study was to develop a new
method for the synthesis of high-quality films of hexag-
ona ferrites of the Ba-M type on amorphous sub-
strates, with the parameters meeting all requirements
for the high and super-high density data recording.

The films were synthesized by method of diode
sputtering of a Ba—M ceramic ferrite target in a gas
mixture of Ar and O, taken at the partial pressures of
3.5 and 0.5 mTorr, respectively. The films were depos-
ited at room temperature onto preliminary annealed
oxidized quartz (SiO,/Si) substrates. The targets repre-
sented ceramic tablets with the composition BaO -
4.5Fe,O; prepared by 5-h annealing of a mixture of
BaCO; and Fe,O; components taken in the correspond-
ing ratio. In order to obtain the required crystal and
magnetic structure, the deposited films were annealed
for 1 h at 700, 800, or 900°C. The film thickness was
about 100 nm.

1063-7850/02/2803-0201$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. X-ray diffractogram of aBaO - nFe,O3 film. The |CP data give n = 4.5. The notation of linesin parentheses refers to Ba—M
ferrite. The arrow indicates the position of aline corresponding to the BaFe,O, ferrite.

The composition of the synthesized films was deter-
mined by the inductively coupled plasma (ICP) tech-
nigue. The crystal and magnetic structures were studied
by X-ray diffraction and by Mdssbauer conversion
electron spectroscopy. The surface morphology of the
films was examined in an electron microscope.

Figure 1 shows an X-ray diffraction pattern of the
synthesized ferrite film with the composition BaO -
4.5Fe, 05, as determined by the ICP data after 1-h
annealing at 800°C. The diffraction line at 26 = 32°
(this position isindicated by an arrow in Fig. 1) can be
evidence of the presence of a BaFe,O, ferrite in the
film. However, the intensity of thisline falls within the
experimental error limits. As can be seen from Fig. 1,
the most intense reflection in the X-ray diffraction pat-
tern of the film with the BaO - 4.5Fe,O; composition is
(008), which indicates that the crystallographic axis C
in the deposit is perpendicular to the film growth plane.

The room-temperature saturation magnetization of
the BaO - 4.5Fe,O; film was 325 emu/cm?®. The coer-
cive force measured in the directions perpendicular and
paralel to the film growth plane was 2.4 and 3.3 kOe,
respectively.

The Mdssbauer spectra provide direct information
both about a phase state of the material studied and
about the orientation of magnetic momentsin the sam-
ple. We have also measured the M 6ssbauer effect in the
synthesized films, but the response signal was detected
in the form of conversion and Auger electrons in the
backscattering geometry [4]. Thiswas explained by the
impossibility of measuring the traditional M&ssbauer
spectrain the form of y-radiation detected in the trans-
mission geometry, which was related to very small
thickness of the films.

Figure 2 showsthe experimental M 6sshauer spectra
of the BaO - 4.5Fe,O; films measured at room temper-
ature for the samples annealed for 1 h at various tem-
peratures. As can be seen from Fig. 2a, the M 6ssbauer
spectrum of a BaO - 4.5Fe,O; film annealed at 700°C
consists of two peaks representing a doublet with an
isomer shift of 0.25 mm/s (relative to Fe) and a quadru-

TECHNICAL PHYSICS LETTERS  Vol. 28

pole splitting of 0.75 mm/s. These parameters, coincid-
ing with those of the Ba-M films measured immedi-
ately after synthesis by the RF sputter deposition [5],
correspond to a nonmagnetic amorphous hexagonal
Ba—M ferrite reported in [6].

The spectrum of a film annealed at 800°C exhibits
the Zeeman line splitting (Fig. 2b), which is aso
retained after the treatment at 900°C (Fig. 2¢). An anal-
ysis of the experimental spectra by least squares with
the aid of acomputer showed that the material structure
corresponds to a hexagonal ferrite of the Ba—M type.
No lines indicative of the presence of other phases in
the film (including the BaFe,O, ferrite) were found to
within an experimental error of 5%. The effective mag-
netic fields on the iron ion nuclei occupying positions
in the 4f,, 4f,, and 12k sublattices were evaluated at
342 £ 5 kOe, 348 + 5 kOe, and 327 + 5 kOe, respec-
tively.

As can be seen from Figs. 2b and 2c, intensities of
the second and fifth components of the Zeeman sextets
are small. This fact indicates that the magnetic
moments in the sample studied only insignificantly
deviate from the wavevector of they-radiation, whichis
directed perpendicularly to the film plane. The angle ©,
determining the orientation of a magnetic moment in a
crystal relative to the wavevector of the y-radiation, can
be calculated from the Mdssbauer spectra by the for-
mula (see, e.g., [7])

[AAL6—3A g7

hA, ¢+ 3A, I

D (3/2) AZ, 5/A1, 6 D:UZ
[+ (314) Ay s/ AL

© = arccos

(1)

= arcsn

where A, ¢ areintensities of thefirst and sixth lines and
A, 5 are intensities of the first and sixth lines, respec-
tively. Our calculations by formula (1) gave the value
©~30°£7°.

The electron-microscopic examination of the syn-
thesized BaO - 4.5Fe,0; samples showed that the films
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Fig. 2. The MOssbauer spectra of aBaO - 4.5Fe,O; ferrite film annealed for 1 h at (&) 700, (b) 800, or (c) 900°C.

consist of platelike particles. Asis known [8], the mag-
netic moments in hexagonal ferrites of the Ba—M type
are oriented along the crystallographic axis C. A com-
parison of the electron-microscopic data with the
results of the Md&ssbauer measurements shows that
most of the platesinthe BaO - 4.5Fe,O, film studied are
oriented perpendicularly to the film surface.

Thus, we have demonstrated that BaO - 4.5Fe, 04
hexagonal ferrite films synthesized by diode sputtering
and annealing on amorphous substrates possess the
parameters required for the superhigh density data
recording.
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Abstract—The velocity of a rarefied gas sliding round a right circular cylinder surface is calculated using
exact analytical methods. The results are compared to the other published data. © 2002 MAIK “ Nauka/Inter-

periodica” .

The complete set of boundary conditions for a rar-
efied gas flowing past an arbitrary smooth surface was
obtained within the framework of a Bhatnagar—Gross—
Kruck (BGK) model using the Boltzmann kinetic equa
tion [1]. Later, this problem was solved by the methods
of momentsfor both the linearized Boltzmann equation
with acollision operator in the Boltzmann form [2] and
for some model kinetic equations[3, 4]. Particular sec-
ond-order kinetic coefficients for a gas siding round a
spherical solid surface were calculated in [5-7]. Below
we report on the results of calculations using exact ana-
lytical methods for the problem of ararefied gassliding
round a right circular cylinder surface and perform a
comparative analysis of our and published data.

The problem under consideration admits two quali-
tatively different situations, whereby the temperature
gradient and the gas mass flow velocity far from the
cylinder surface are both perpendicular (transverse
flow) or parallel (longitudinal flow) to the cylinder axis.
In both cases, the gas flow is described by alinearized
Boltzmann equation with a collision operator of the
BGK model written in acylindrical coordinate system
with the Oz axis coinciding with the cylinder axis. The
boundary condition on the cylinder surface corre-
sponded to the diffusion reflection model.

Let us linearize a distribution function describing
the state of the gas relative to the distribution function
in the gas volume in the Chapman—Enskog approxima:
tion. Expanding the Y(p, ¢, C) function (describing
deviation of the gas distribution function with respect to
velocities and coordinates in the Knudsen layer from
the volume distribution function) into series in the
small parameter 1/R,

Y(p,,C) = YP(p,9,C) +R*Y?(p, ¢,C) + ...,

we arrive at an equation

aY(Z)
Cogp *Y (P $.C)

= 0 jexp(—C'2>K(c, c)Y?(p, ¢,CYdC (1)

20y oY®w ay®
~Crac, F&Ceae, "G

Using Eg. (1) and the corresponding boundary condi-
tions formulated below, we will obtain the function
YA(p, ¢, C). Here, p and C are the dimensionless
radius-vector and the dimensionless intrinsic velocity
of gasmolecules, respectively; thefunction YO (p, ¢, C)
coincides with a solution to the problem of the rarefied
gas diding along a solid flat surface [§],

N = L 20R2 e 30
K(C,C)—1+CC+3BS o o

and R is the dimensionless radius of the cylinder. The
dimensionless quantities are defined asin [1].

L et usassume that the temperature gradient far from
the cylinder surface is perpendicular to this surface,
while the tangent mass flow velocity of the gasvariesin

the normal direction, so that the quantities la_T
SR q) S
and Qayi are nonzero. In thiscase[8],
Pls

YP(p, $,C) = C,YP(p, 9, C,)

2, 2 ) 2
+Cy(Cy +C=-2)Y, (P, 0, C,),
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Y?(p, $,C) = C,Y2(p, 9, C,)

3
* Z bk(sz C¢)Y(k2)(p’ ¢’ CD)’
k

where C, formstogether with b(C,, C,) acomplete set of
orthogonal polynomials (in terms of the scalar product).

Denoting pu = C,, substituting Egs. (2) and (3)
into (1), multiplying the obtained relationship by
Coexp(-C; — C2), and integrating with respect to C,
and C, from—oo to +co, wearrive at the boundary problem

oY (2) +Y(2)
WG+ Ya (P O )
= —};{ _{Y?’(p, o, 1) exp(—?)dyr @)

36Y(1) o 36Y(1)
2 o +3uYy (P ¢, 1) — 2 ou

+uY (o, ¢, 1) -
with the boundary conditions
Yo (R o,1) = 22U, (1>0),
Y2 (0,0, 1) = 0.

Solving this problem, we obtain the velocity of arar-
efied gas diding round a solid cylindrical surface:

o] o

Substituting Loyalka'sintegrals [9] into Eq. (5), we
eventually determine

_3 10T
Usls = 4[(Q3 QlQZ)TsRaq)

~0.750009Y%| .
dls 0P |s

UP|, = —040017= 9T

TsRa ©)

Direct substitution shows that the term uYfil) does

not contribute to the velocity of gas dliding around the
surface because the corresponding partial solution to

Eq. (4) has the form (p — R)Y.” and becomes zero on
the surface (p = R).

In the case of alongitudinal gas flow past the cylin-

der, the quantities — 10T and oy, are nonzero. In
Ts0z 0P |s
this case,
Y®(p,z.C) = C,Y(p,2.C,) 0
+CCe+Ci-2)Y(p, 2.C,),
TECHNICAL PHYSICS LETTERS Vol. 28 No. 3
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Y?(p,zC) = C,Y?(p, 2 C,)

8
* de(czv C¢)Y(k2)(p’ ¢’ CD)’
k

where C, formstogether with di(C,, C,) acomplete set
of orthogonal polynomials (in terms of the scalar
product).

Substituting Egs. (7) and (8) into Eq. (1), multiply-
ing the obtained relationship by C,exp(-C; — C2), and
integrating with respect to C, and C, from — to +0, we
arrive an equation for the function Y2 (p, z, p)

oYY

g * Ya (P2 )

+o00

-1 y@ . 2y
= ﬁT:[Ya (P, Z, W) exp(—p'“)du (9)

16Y(1)
2 au

16Y( )

(1) _
X +UYy (P, Z, W)

with the boundary conditions

YP(Ru) = 2P|, (n>0),

Y (0,2, 1) = 0.

Taking into account that the term uYgl) does not

contribute to the velacity of gas diding round the sur-
face and that each of the last three terms in the right-
hand part of Eq. (9) isonly one-third of the correspond-
ing term in Eq. (4), we may conclude that the longitu-
dinal flow past the cylinder is characterized by three
times smaller dliding coefficients:

—0.250009Y2
ap

It should be noted that the af orementioned rel ation-
ship between the sliding coefficients of the transverse
and longitudinal flow past the cylinder is determined by
the structure of Egs. (4) and (9) and is independent of
the particular method used to solve these equations.
However, this relationship cannot be derived from the
results obtained in [1]. At the same time, the above
results fully coincide with those obtained in [1] for an
arbitrary flow past the cylindrical surface under consid-
eration.

The above results can be used in solving various
problems in the kinetic theory of gases with the bound-
ary conditions require taking into account the effects

Uys = —0.13339Tif’_T

SaZ IS s
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introducing linear corrections (with respect to the

LATYSHEYV et al.

Knudsen number) to the gas dliding velocity.

1

2.

3.
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Abstract—The drift of nonequilibrium charge carriersin GaAswas studied. It is demonstrated that the electric
and acoustic (ultrasonic) fields significantly influence the transport of charge carriers in photodetectors based
on piezoel ectric semiconductors with traps. © 2002 MAIK “ Nauka/Interperiodica” .

The drift of nonequilibrium charge carriers in a
semiconductor is one of the basic processes determin-
ing the efficiency of solar cells. Gallium arsenide pos-
sesses certain advantages to other semiconductors in
this respect [1], which alow GaAs-based solar cellsto
be obtained which possess the maximum efficiency in
comparison with al other systems. In recent years, the
basic properties of GaAs were not studied on a proper
level despite the fact that GaAs till serves as a base
material for complex solar cells implementing hetero-
structures.

The purpose of this study was to deepen and expand
our knowledge about the physics of processesin GaAs-
based solar cells.

Asisknown, the drift of nonequilibrium charge car-
riers in a semiconductor is determined either by exter-
nal electric fields and/or by internal (built-in) electro-
static fields related to an impurity concentration gradi-
ent in the semiconductor. Gallium arsenide is a
piezoelectric semiconductor with a structure possess-
ing no center of symmetry. An electric field applied to
such acrystal produces deformation of the crystal, and
vice versa, any deformation of the crustal leads to the
appearance of an induced electric field. Therefore,
investigation of the effect of deformation on the drift of
nonequilibrium charge carriersisavery important task.
One of the possible straining factors are ultrasonic
waves.

Interaction of the charge carriers with ultrasonic
waves in piezosemiconductors is mediated by piezo
emf. Straining a semiconductor by an ultrasonic wave
field gives rise to a force acting upon the charge carri-
ers, which is proportional to the wavevector k (i.e., to
the wave frequency) and the piezoelectric constant of
the crystal e. A linear theory [2] considers the propaga-
tion of an elastic wave in a semiconductor and deter-
mines the relationship between alternating deformation

and the electric field components E', space charge nQ,
and electric current I'":

. _ e Y —iw/wp ,
E = x[y—i(ooc/oo+ (dooD)}e’ (1)
o b E w9 e
Q. = vy —iw/wp VY —i(wg/w+ wlwp)’ @)
L _bE e
"= y—iww, wcy—i(wclm+ wwp)’ 3

Here, e and x are the piezoel ectric constant and perme-
ability, respectively; y= 1—Vp/Vsisaparameter reflect-
ing the ratio of the electron drift velocity V, to the
sound velocity Vs wp = V/D; D isthe diffusion coeffi-
cient; we = b/x; and b = nyQ.l, is the dc conductivity.
Theédastic constant of the crystal in the ultrasonic wave
field can be expressed as

e y—iw/wp ]

Xcy —i(wc/wp + wlwp)

C = 0[1 + 4)

The physics of interaction between an ultrasonic
wave and charge carriersin GaAs, aswell as in nonpo-
lar semiconductors (Si, Ge), consists in the energy and
momentum exchange between the wave and the carri-
ers. However, there is a significant difference as well.
The potential—deformation interaction in nonpolar
semiconductors leads to lattice distortions, which
results in a change of the potential energy of electrons
proportional to the deformation intensity. In piezosemi-
conductors, the deformation is proportional to the elec-
tric field strength. Since E = —gradV (where V is the
electric potential), the coupling constant must contain
an additional factor 1/k (because the frequency depen-
dence of this interaction is different). According to
Eq. (1), the electric field strength in a semiconductor is
—(e/x)e. Thus, the potential energy of an electronin a
piezosemiconductor deformed in an ultrasonic wave
field is proportional to Q.(e/X)(i/K).

1063-7850/02/2803-0207$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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An expression for the damping factor a characteriz-
ing the interaction of an ultrasonic wave with charge
carriersboth in usual semiconductorsand in piezosemi-
conductors in the presence of an external electric was
derived in [2]. In the case of a potential—deformation
interaction, the coefficient a is proportional to the cou-
pling component C of the deformation potentia in the
direction of wave propagation. In a piezosemiconduc-
tor, where the piezoel ectric interaction dominates over
the potential—-deformation interaction, the relationship
isgenerally the same except for the quantity C replaced
by Q.e/xk, where e is the corresponding piezoelectric
constant. The relative magnitude of the effects related
to the deformation potential and the piezoel ectric inter-
action is given by theratio

Co| =
CP

W X
VseQe

where Cy and C, are the coupling constants of the
deformation potential and the piezoelectric effect,
respectively. This ratio reflects the role of the two
mechanisms responsible for the interaction between
ultrasonic waves and charge carriers.

At low frequencies, the contribution due to the
potential—deformation interaction is smaller than that
due to the piezoelectric effect. As the frequency
increases, the two effects are leveled. During the drift,
acertain fraction of charge carriersistrapped by impu-
rity levels, which isafactor decreasing the efficiency of
the solar cells.

Ca (5)

Using our previous results [3] for the Qn/Qg ratio

(Q,and Qg are the magnitudes of charges collected on

the contacts in the absence and in the presence of an
ultrasonic wave field, respectively) and taking into
account the dependence of the damping factor on the
traps present in areal crystal [4], we obtain the follow-
ing general expression for the total charge collected in
an ultrasonic field:

0

O €wd
_ 0 cY+
Qn - Qn%+e+4cxvo
O
(6)
[1_Kﬂf __(’if} 0
Ve ' owp ! 0
x S D |:|,
2 2
[1—%1‘,—&%& +[%—wﬂfi,—%fi} .
5 D d D S
wheref, = fot o't |, _ou(fo-1) Tisthetrapping
B A e GO A o S

time, f, is the fraction of excess carriers behaving as
freeinthe equilibrium state, v, = ¢/p isthe unperturbed
sound velocity, cisthe elastic constant, p isthe material
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density, and &, isthe depth of radiation penetrationinto
the semiconductor.

An analysis showsthat an ultrasonic wave propagat-
ing in a semiconductor crystal interacts both with the
drifting carriers and with traps, which leads to their
devastation. Thus, the presence of electric fields and
other perturbationsin the crystal must increase the effi-
ciency of collecting charge carriersin a piezosemicon-
ductor photodetector.

Based on the notions developed above, let us con-
sider the experimental results on the kinetics of charge
carrier collection in homogeneous GaAs-based
piezosemiconductor photodetectors in an ultrasonic
wave field.

The drift of nonequilibrium charge carriersin solar
cellswas experimentally studied using model photode-
tectors made of semiinsulating GaAs crystals (p =
107-108 Q cm,; thickness, 100-500 um; contact areaup
to S= 30 cm?) as described in [5, 6]. The longitudinal
ultrasonic waves with variable amplitude and a fre-
guency ranging within f = 10-50 MHz were generated
by aquartz transducer acoustically coupled to acathode
contact of the photodetector. The electric voltage to the
quartz transducer was supplied from an HF generator.
Nonequilibrium charge carriers were generated at the
cathode contact of the photodetector by means of irra
diation with red light (A = 0.7 um) pulses from alight-
emitting diode. The light wavelength was selected
equal to amiddle valuein the wavelength range used in
the experiments with the excess carriers produced pre-
dominantly in the uppermost doped layer of the solar
cell elements [7]. The light-emitting diodes were pow-
ered by rectangular voltage pulses with a duration of
t = 1 usand arepetition rate F = 1-5 kHz supplied from
voltage generators. The amplitude characteristics of the
semiconductors were measured on a specia setup for
the amplitude analysis, which allowed the collected
charge to be estimated with an accuracy of 0.01%.1

After the electron—hole pair generation, the sample
featured the motion of nonequilibrium charge carriers.
During the drift of electrons through the crystal, the
current dlightly decreases as a result of trapping of a
part of the nonequilibrium carriers by traps. If the sam-
ple was not subjected to the action of ultrasonic waves,
dependence of the signal amplitude on thefield strength
was described by a typical N-shaped curve (Fig. 1,
curve 1). The physical reasons of this behavior were
considered in [9]. When an ultrasonic wave propagated
inthe GaAs crystal, the signal amplitude deviated from
the initial N-shaped curve and the peak corresponding
to a threshold field dlightly shifted toward smaller val-
ues of the drawing field strength (Fig. 1). Figure 1
shows the curves measured at various levels of the con-

1 We employed the method of amplitude analysis developed in [8],
which offers the most advanced approach to investigation of the
efficiency of nonequilibrium charge carrier collection in radiation
detectors of various types.
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trol voltage supplied from the HF generator to the
quartz transducer (coupled to the GaAs crystal).

L et us compare dependences of the signal amplitude
A(E) on the field strength measured in the absence of
the ultrasonic wave field (curve 1) and during propage-
tion of alongitudina ultrasonic wave (curve 4). Curve 1
displays a dip related to the redistribution of electrons
between valleys. When an ultrasonic wave with the
amplitude V = 25V and a frequency F = 30 MHz is
applied from the HF generator through the quartz trans-
ducer to the GaAs crystal, the A(E) field dependence
(curve 4) significantly changes (the signal amplitudeis
determined by the peak position on an anayzer dis-
play). First, abroad peak isformed in the region of low
electric field strengths (0-200 V/cm), accounting for
the A(E) variation in this region. Second, the entire
curve shifts toward lower electric fields. Finaly, there
isageneral increasein amplitude of the signal collected
in GaAs crystals.

This variation of the A(E) curve in the ultrasonic
wave field is evidence of the interaction between the
acoustic wave and electrons. Indeed, the electron drift
velocity in the interval of field strengths below
200 V/cm ison the order of (1-9) x 10° cm/s, whichis
close to the velocity of longitudinal acoustic waves in
GaAs. Therefore, an energy exchange between ultra-
sonic waves and el ectrons must undoubtedly take place.
The absence of a signal in the fields below 200 V/cm
(curve 1) is mostly caused by the electron traps. The
ultrasonic wave transferring an additional momentum
to electrons decreases the probability of electron trap-
ping, which leads to the appearance of a signal below
200 V/cm. In the region of field strengths above
200 V/cm, anincreasein the signal amplitudeisrelated
to adecrease in the slow signal component (which was
higher in the absence of the ultrasonic wave).

A dlight shift of the signal amplitude toward smaller
field strengths with increasing ultrasonic wave ampli-
tude can be related to an increase in the energy of elec-
trons and their concentration in the ultrasonic wave
field. This experimental fact is naturally explained as
follows. The threshold field strength E, must decrease,
since electrons are transferred from lower to higher val-
ley dueto additional energy gained from the ultrasonic
wave; thus, the transfer must take place at lower values
of the electric field strength. Note that the observed
increase in the signal amplitude is related not only to
the mechanism of the ultrasonic wave interaction with
electrons, but to the deep trap devastation as well.
Indeed, since the electron concentration in the conduc-
tion band is determined primarily by the trapping lev-
els, this concentration must change in response to vari-
ation of the distance between the conduction band bot-
tom and the trapping level, which is caused by the
ultrasonic wave propagating in the crystal. Thiswill be
accompanied by the gjection of electrons from traps

2The slow signal component is related to the process of electron
trapping and gjection from traps.
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Fig. 1. Plots of the output signal amplitude of a GaAs detec-
tor (sample N32) versus the applied electric field strength
measured at T = 293 K for various ultrasonic wave (F =
30 MHz) amplitudes: (1) no ultrasonic wavefield; (2-5) HF
generator voltage 5, 15, 20, and 25V, respectively.
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Fig. 2. A plot of the output signal amplitude A of a GaAs
detector versus ultrasonic wave frequency F measured for
an HF generator voltage of 15V and an applied electricfield
strength of E = 1500 V/cm.

and, hence, by an increase in the signa amplitude.
Thus, the results of experiments on the charge collec-
tion in the ultrasonic wave field of variable amplitude
confirmed that the traps interact with the ultrasonic
wave (Fig. 1).

Figure 2 shows dependence of the amplitude of a
GaA s-based photodetector signal on the frequency F of
the ultrasonic wave. As can be seen, the signal ampli-
tude A(E) increases with the frequency F. Formula (6)
for the value of charge collected in a piezosemiconduc-
tor detector in the presence of an ultrasonic wave field
involvesthefinitetrap relaxationtime 1 (Q, isrelated to
T viaf, and f). In rea crystals, this parameter varies
within very broad limits (from 10°to 1023 s). In acer-
tain frequency interval, the signal amplitude increases
with the frequency by the mechanism described above,
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since the parameter a = f,/f, determines a phase shift
between the electron concentration in the conduction
band and the electron density on a given level. When
the a value increases to about unity or above, there
appears a phase shift between the electron current and
the field E' (see EQ. (1)), which leads to an increase in
the signal amplitude. In other words, an the ultrasonic
wave field with F = 10-50 MHz excludes all traps with
T = 10° sfrom the carrier trapping process. Thisfollows
from the relationship wt > 1, where w = 2rt+, which
corresponds to the appearance of afree space charge at
the expense of carriers that were previously (in the
absence of the ultrasonic wavefield) localized on traps.
This space charge participates in the drift of carriers
and increases the collection of carriers and, hence, the
signal amplitude (Fig. 2).

From the standpoint of practical applications, the
results of our investigation provided data on the values
of operative electric field strengths ensuring the maxi-
mum collection of nonequilibrium charge carriers gen-
erated by the optical radiation: E = (1.5-3) x 10°V/cm.
In manufacturing the GaAs-based solar cells, it is nec-
essary to providefor animpurity concentration gradient
such that would ensure the appearance of built-in elec-
tric fields of thisintensity.
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Abstract—The possibility of explaining the absorption of light during pressure-induced xenon metallization
in terms of atransition to the superconducting state is studied. The energy structure of the van der Waals con-
densates is considered as an alternative to the band structure. It is suggested that, as the condensate is com-
pressed and the interatomic distance decreases to a certain ag value such that ar < ag < ay (Where ag and ayy
are the equilibrium distances in the Fermi and van der Waals diel ectrics), the condensate occursin aregion of
the superconducting state (until the onset of metallization and BCS superconductivity). Thisregion corresponds
to binding energies in the range from 40 to 60 kJ/mol. Many of the molecular condensates and metals are close
to thisregion of instability. This state can be accessed not only by compressing a condensate or using chemical
bonds: the role of compression can be performed by adsorption forces operative, for example, in the sorption
(inclusion) compounds. © 2002 MAIK “ Nauka/Interperiodica” .

Introduction. Investigation into the possibility of
metallization development in the molecular (or van der
Waals) condensates and the appearance of supercon-
ductivity hasalong history. In 18th century, it was sug-
gested that hydrogen may convert into a metal upon
condensation [1]. The problem of metallization and
superconductivity in hydrogen is still under consider-
ation [2].

A simple criterion of the pressure-induced metalli-
zation in the van der Waal s condensates was formul ated
in 1927 by Herzfeld [3]; the level of pressures required
for the metallization of atomic hydrogen was theoreti-
caly estimated in 1935[4]. In 1938, it was suggested [5]
that superconductivity can be considered asthe conden-
sation of bosons. The first attempts to determine the
range of boson concentrations in which the Bose super-
conductivity takes place were undertaken in 1946. The
bosons were suggested to occur in the form of electron
pairs in the bubbles appearing upon dissolution
(“extension”) of a metal (sodium) in a dielectric
(ammonia) [6]. Theinvestigation of thisregion of insta-
bility between metals and dielectrics revealed the cur-
rents “frozen” in the magnetic field, which were
extremely weakly damping at 80 K. However, these
results were critically assessed in [7].

The extensive theoretical and experimental investi-
gation of processes occurring in asystem of condensing
atoms, that is, in the unstable and difficultly accessed
region between metals and dielectrics, began in 1949
[8, 9]. A considerableinterest in the problem of metallic
hydrogen stimulated development of the technology of
high static pressures. In 1989, the process of xenon
metallization in the range of pressures from 130 to
200 GPa was monitored by optical methods [10]. The

experimental data were interpreted in terms of overlap
of the electron energy bands during contraction of the
atomic lattice. Recently [11], the dc conductivity in Xe
was studied at pressures of up to 155 GPa, but only the
initial stage of metallization was observed.

An analysis of experimental data [10]. A reliable
proof of the superconductivity can be provided only by
the results of magnetic measurements, while optical
data are less suited for this purpose. Nevertheless,
extremely high precision of the experimental data
obtained in [10] and a considerable deviation of these
data from predictions of the band model may justify an
attempt at explaining these results from an aternative
standpoint [12, 13].

Figure 1 shows plots of the light absorption coeffi-
cient a versus photon energy W constructed by data
taken from [10] for a xenon film at a pressure of
130 GPa(curve 1) and 200 GPa (curve 2). For the com-
parison, curve 3 presents the a value calculated as a
function of W/3.5KT, representing the ratio of the pho-
ton energy to the temperature of transition to the super-
conducting state [14]. The right-hand wing of the latter
curve reflects the absorption due to normal electrons.
The curves of type 3 sometimes exhibit a “precursor”
hump such asthat observed in the experimental curve 2
for xenon. A comparison of curves2 and 3 alowsthe T,
value to be formally estimated as 4000 K at a pressure
of 200 GPa.

According to the band model of metallization, the

plasma frequency W?,B and the total absorption b?3in

the region of maximum must be proportional to a
decrease in the volume V upon metallization, that is, to

1063-7850/02/2803-0211$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Plots of the light absorption coefficient a versus pho-
ton energy W [10] for a xenon film at a pressure of
(1) 130 GPa and (2) 200 GPa. Dashed curve 3 presents the
a value calculated as a function of W/3.5kT,. (the ratio of

the photon energy to the energy gap) for a superconduct-
ing film [14].

the difference V.~V [10]. These relationships (valid
only approximately) led to estimates of the metalliza-
tion volume V,,,= 10.7-10.5 cm3/mol and the metalliza-
tion pressure P,, = 130-140 GPa [10]. However, the
experimental data obtained in [10] are much better

described by the functions Wﬁ, and b! being propor-
tiona to V,~V, from which one can derive two conclu-
sions.

I. Thefirst relationship can be expressed as

0.5W, = 32B(1-V/V,)",

where B = 0.48 eV. This relationship may describe the
energy gap W, in the region of a phase transition, for
example, into the superconducting state. Since the
parameters T and V enter the Gibbs function on equal
terms, we obtain B =T, = T, = 5000 K, which is close
to the aforementioned estimate; the gap energy ison the
order of 1-1.5eV.

[1. The transition of xenon into the superconducting
state can be described as a percolation processin amix-
ture of conducting and nonconducting particles[15]. In
this case, V,,, and P, must depend on the photon energy
W, Figure 2 shows plots of the absorption coefficient as
afunction of xenon volume for various photon energies
constructed by data taken from [10]. The volume at
which the absorption appears (a ~ 0) is frequency-
dependent. Using a plot of this volume versus W2, one
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Fig. 2. Plots of the absorption coefficient a as a function of
the xenon volume V for various photon energies W = 0 (1),
1.0(2), 1.7 (3), 2.0 (4), and 2.7 eV (5) constructed by data
taken from [10]. The onset of metallization depends on the
photon energy (light frequency): line 6 shows a plot of the
metallization onset volume V,, versus square photon

energy W2,

can estimate the metallization onset conditions for
direct current: Vo = 10.26 cm®/mol and P, = 152 GPa.
These estimates are closer than the band model predic-
tions to the values V., = 10.20 cm®/mol and P, =
154 GPa provided by the Herzfeld criterion [10]. For
this reason, the experiments devoted to the dc conduc-
tivity measurementsat pressuresup to 155 GPa[11] did
not reach the level of real metallization in xenon. A
weak increase in the resistance with the temperature
was probably related to the effects of contacts and the
anharmonicity of |attice oscillations on the total sample
resistance.

Van der Walls condensates. At least two important
stepsin the physicsof condensed state were madein the
1930s due to making an allowance for thereal localized
states. These were the concept of polarons and the
explanation of the van der Waals forces in terms of a
manifestation of the properties of electrons as particles.
An alowancefor the corpuscular propertiesof particles
and quasi-particles is of principal importance for an
adequate description of rea systems [16]. New infor-
mation about the properties of van der Walls conden-
sates under extremal conditions can be adequately
interpreted only by recourse to other localized electron

states, for example, virtual Xe5 molecules experimen-
tally observed in [17].
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According to an aternative model of the van der
Walls condensates employing only localized states, the
|attice sites of, for example, xenon permanently contain
on the average ~80% Xe atoms in the ground state
(hydrogen-like ground state radius r, = 0.59 A) and
~20% X e atomsin an excited state (r, = 2.2 A) forming

virtual excimer Xe5 molecules distributed over the | at-
tice sites. Thissituation is schematically depicted in the
inset in Fig. 3 [12, 13, 22]. In this scheme, the band
effects cannot play a determml ng role since the inter-
atomic distances (~4.4 A) are significantly greater than
the effective atomic diameter (1.2 A), whilethe concen-

tration of Xe; molecules is small and their degree of

ordering is low. However, owing to the covalent bind-
ing, these very atoms determine both the equilibrium
states in the condensate and the binding energy of this
condensate. Atoms in the ground state exhibit only a
weak van der Walls attraction. Thus, the two virtual
sublattices occur in the state of dynamic equilibrium.
In the xenon condensate, the wave functions of adja-
cent atoms in the ground state (for example, CD5& 5p ~
exp[—r/5r4)], where the preexponentlal factor is omit-
ted and the Bohr radius 0.529 A is replaced by the
hydrogen-like ground state radius r; = 0.59 A) are
weakly overlapping. For the van der Waals interaction,
the wave functions of the adjacent atoms are uncorre-
lated (in contrast to the case of covalent binding). For
this reason, the probability X for a pair of electrons
from the adjacent atoms to occur simultaneously at the
point r, exhibit excitation, passto the orbitals of excited

states, and form virtual Xe5 moleculesis
X Oexp{[-2(r/5r )1} { exp[-2(2r,—r)/5r,]}
= exp[—(4r,/5r,)],

X Oexp[—(0.8ET /w)],

where w = e2/2r2. This relationship can be consid-
ered a probability of the transition over a barrier of
0.8E7 (E7 =12.13 eV isthe ionization potential of

Xe) under the action of a chaotic perturbation with an
average energy of w. The energy of the transition to an

excited state E5 (E; =8.32 eV = 0.7E] for Xe) is
close to 0.8E; . For this reason, the probability X ~
exp[—(E5 /w)] is naturally considered as the time-aver-

age fraction of excited atomic pairs Xe} in the conden-

sate, 1-X being the fraction of atoms in the ground
State.

This condensate represents a statistical mixture of

atomsin the ground state and virtual Xe5 molecules at

the lattice sites, which determine both the average bind-
ing energy of thelattice and the equilibrium interatomic
distances because atoms in the ground state exhibit
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Fig. 3. A schematic diagram of the binding energy E (in arb.
units) versus half interatomic distance r for (E;) van der

Waals condensates composed of atoms with filled electron
shells, (E,) metals composed of atoms with unfilled shells,

(Eg) Bose superconductors: r4 are the stationary radii of the
ground states; r, are the radii of virtual excited states; 2R s

the average distance between virtual molecules in the van
der Waals condensate (the inset).

only weak attractiveforces (seetheinsetinFig. 3). This
scheme of interatomic interactions, implying a periodic
change in the type of binding, allows the main parame-
ters of the van der Waals condensate to be simply and
sufficiently precisely determined using only atomic
characteristics [12, 13, 15].

Considering the Xe; molecule as a hydrogen-like
formation, the binding energy of this virtual molecule
can be estimated at Q; ~ 1 eV. Thus, the average energy
per Xe atom in the condensate is E; ~ 0.13 eV. There-
fore, X = 0.13/1 = 2.56exp[—(4r,/5r,)], where 2.56 isa
numerical coefficient andr, = 2.2 A. For the metalliza-
tion of Xe, r,, = 1.47 A [10]. Thisyields X, ~ 0.35 and
the average binding energy in the state of metallization
E, = E;~0.35(2.2/1.47) = 0.5 eV. There are many van
der Waals condensates in which the binding energies
are close to 0.5 eV [22] even without pressure (see

below). Upon metallization, the binding energy of Xe}

molecules increases by a factor of 2.2/1.47 to reach
Qm~ 1.37 eV, which is close to the energy gap value
(1-1.5 eV) estimated above from the optical data.

The regions of existence of the van der Waals con-
densates, Bose superconductors, and metals are
depicted in Fig. 3, showing the average binding energy
E as a function of the interatomic distance r. The van
der Waals condensate of atoms with filled electron

shells represents a“gas’ of hydrogen-like virtual Xe5

molecules distributed over the lattice sites and exhibit-
ing no direct interaction with each other (see the inset
inFig. 3). The binding energies Q; and the elastic prop-
erties of the whole van der Waals condensate are deter-
mined by the covalent binding of these molecules, the
dimensions of which correspond to a doubled radius of
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Fig. 4. A plot of the entropy of evaporation Sversus binding
energy E for a series of molecular condensates and metals:
(1) Ne; (2) Ar; (3) Kr; (4) Xe (5) CF,Cly; (6) CCly;
(7) CeH5Cl; (8) H,0; (10) Hg. Dashed line 9 corresponds to
the binding energy of metallic Xe by datafrom [10].

the excited state orbital (~2r,y). The average energy E;
has an extremum at r, = r,. If the condensate is com-
posed of atomswith unfilled shells, the equilibrium dis-
tances correspond to ryy < I, (Fig. 3, curve E)). The
region between o andro, (i.e., between the energies E;
and E,) can be accessed either by compressing the van
der Waals condensate or by extending the metal. In any
case, the system energy E; must be stabilized by any
means (pressure, chemical bonds, adsorption forces,
intercalation, inclusion compound, etc.).

The random pair interactions between adjacent
atomsin the ground state periodically lead to theforma-

tion of covalently bound virtual Xe5 molecules. Con-

sidering the coupled electrons (biexcitons) in such mol-
ecules as bosons (electrons interact via a “lattice” of
two atoms), we may compress the condensate so as to
increase the concentration and ordering of such bosons.
Thus, we can experimentaly follow the process of
boson condensation under equilibrium conditions and
realize sequentia transitions from an exciton dielectric
to a Bose superconductor (with a high T.) and to a
Fermi metal (with alower T, corresponding tothe BCS
superconductivity) [19]. In particular, stable Cs, mole-
cules (with two coupled s electrons) or Ba atoms on
condensation would directly convert into the Fermi
metals, bypassing the unstable state of Bose supercon-
ductivity (Fig. 3, curve E,), which is observed in the
case of “diluting” metalswith dielectrics under the con-
ditions when the metal can separate into an individual
phase [6, 17]. The compression of stationary H, mole-
cules leads to the formation of virtual bimolecules
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(H,)3 , which determine the properties of condensed
hydrogen.
The compression of Xe leads to increasing concen-

tration of Xe; molecules forming chains and islands

(clusters) with electrons tunneling in between. In the
region from rq,s to r,4, & van der Waals condensate
appears as a granular superconductor featuring Joseph-
son’'s tunneling (see the inset in Fig. 3). This can
explain the frequency dependence of the absorption in
the region of pressures immediately before the transi-
tion (Fig. 2) [10]. The possibility that such chains
(“cycles”) may appear beforethe phasetransitionin the
Bose condensate as aresult of attraction between parti-
cleswastheoreticaly predicted in [20].

The possibility of the pressure-induced supercon-
ductivity can be a so studied in molecular condensates
composed of complex molecules, provided these pos-
sess no magnetic moments. The molecules with
nonzero magnetic moments in the ground state behave
as magnetic impurities with a concentration of ~(1-X)
and sharply decrease the T, value. Such a situation is
observed, for example, during the metallization in O,,
where T, = 0.6 K [21].

Figure 4 shows a plot of the entropy of evaporation
S characterizing the van der Waals condensate versus
the binding energy in the condensates and metals.
There is a gap between energies on the order of 0.4 eV
(for most typica van der Waals condensates) and
0.6 eV for metals (e.g., Hg). In the case of “induced’
metallization of Xe, the binding energy (~0.5 eV)
would fall within this region of instability between
dielectricsand metals[22]. In the case of complex mol-
ecules, the required pressures can be lower; however,
there is a danger of decomposition under pressure or
metallization as aresult of structural changes.

It is possible to provide for an increase in the con-
centration of virtual molecules and to obtain stable
superconductors without pressure, by using adsorption
interactions[18, 19, 22]. When avan der Waal s conden-
sate contactswith ametal, the adsorption forces convert
the adsorbed moleculesinto an excimer state (by mech-
anism of the catalytic effect [23]). Systems of thistype
are essentially nanocomposites of the (metal)—(van der
Waals condensate), type with x > 1. An example of such
a system is probably offered by fullerides (Me;)Cqy
with T, up to 40 K [24]. In the case of complex mole-
cules, the virtual perturbations apparently arise in their
fragments. Of practical importance are systems of this
type (inclusion compounds) in which at least one com-
ponent represents a molecular condensate. From this
standpoint, in usual high-temperature superconductors,
the system is stabilized by chemical bonds and rela-
tively low T, values are determined by the presence of
magnetic atoms.

Conclusion. The properties of metallic xenon
known at present can be considered as a manifestation

No. 3 2002
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of superconductivity with T, > 300 K. The molecular
(van der Waals) condensates are systems which can be
described only in terms of localized electron states. The
van der Waals condensate features a dynamic equilib-
rium between two virtual sublattices. These systemsare
separated from the Fermi metals by an extended region
of instability (in both interatomic distances and binding
energies), in which the state of the electron Bose con-
densate can be fixed by pressure, chemica bonds,
adsorption forces, etc. At present, there is no direct
experimental evidence for validity of the proposed van
der Waals condensate model. However, the phase dia-
gram presented in Fig. 3 [19] was later theoretically
constructed in [25].
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Abstract—It is shown that a spherical X-ray wave incident at the Bragg angle 6z = 172 onto a biaxially bent
crystal exhibitsindependent diffraction in two mutually perpendicular planes. An analytical formulafor thesize
of the diffraction reflection region in the backscattering mode is derived and the analytical expression for the
wave intensity distribution at the two-dimensional focusis refined. © 2002 MAIK “ Nauka/Interperiodica” .

Thetwo-dimensional (point) focusing of aspherical
X-ray wave by biaxially bent crystals has been studied
both theoretically [1-4] and experimentally [5] in the
context of the problem of obtaining high-intensity
X-ray beams. In comparison to the case of uniaxial
(cylindrical) bending, the biaxial bending provides for
an increase in the intensity due to the diffraction con-
finement (focusing) of the beam in the two planes. At
present, in view of the creation of new high-power syn-
chrotron radiation sources, the X-ray focusing optics
employing bent crystals in combination with the
Bragg—Fresnel optics may gain further progress.

Here, the diffraction backscattering of a spherical
X-ray wave from a biaxially bent crystal is considered
as two independent backscattering processes in two
mutually perpendicular planes. From the standpoint of
obtaining high-intensity beams, the backscattering of a
diverging beam from a biaxially bent crystal is among
the most favorable variants of focusing. The influence
of geometric aberrations in the backscattering mode
can be minimized.

Now it will be demonstrated that the backscattering
from abent crystal leadsto asignificant increasein the
size of the surface involved in the diffraction reflection
of the incident radiation as compared to the case of
85 < T72. Let us consider the Bragg reflection of awave
from a biaxially bent crystal (see figure) within the
framework of the geometric optics. The analysisisgen-
eraly similar to that performed in [6], except that we
will consider all terms up to ~x*. It should be empha-
sized that the diffraction reflection is coherent and elas-

tic, sothat ko + h =k, ki = ki = k2, and h, = 2ksinBs.
Here, h = hy—[(hgu), hgand h arethereciprocal lattice
vectors of the initial (plane) and bent crystal, respec-
tively; k, and k,, are the wavevectors of the incident and
diffracted waves, respectively; and u(—=xz/R,, -yzZIR,,
¥R, + Y?IR) is the vector of displacement of the
reflecting planesin the elastically bent crystal.

The angular halfwidth A6 of the Bragg backscatter-
ing curveisasfollows:

A8, = [2CIR Lo+ XILE + X IR + X' 12R2LS
—3xYALE - X IRL, — 3x* 4R .

An anaogous expression for A6, is obtained from (1)
by substituting x — y. For a plane wave (L, > R),
Eqg. (1) simplifiesto

A8, O|x%/RE - 3x*14RY™, )

Inthe case of X%/ R < 1, we can ignore the fourth-order
termin Eq. (2) to estimate the size of the crystal surface

The geometry of focusing of a spherical X-ray wave upon
backscattering from abiaxially bent crystal: Sand S arethe
point radiation source and itsimage, respectively.

1063-7850/02/2803-0216%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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involved in the plane wave backscattering:

Xeff,pl DRxAe = Rx|th|1/2' (3)
By the sametoken, in the Y axis direction,
yeff,pl |ij'th'l/z- (4)

As can be seen from formulas (3) and (4), the back-
scattering from a biaxialy bent crystal increases the
beam intensity by afactor of |, [ as compared to the
case of B < V2.

In the case of a spherical wave, we obtain, instead
of (3) and (4), the following formulas:

Xett =AO/(L/Lo + UR)), Yerr =A0/(1/Ly+ 1/R)). (5)

A dynamic theory developed in [7, 8] for the Bragg
diffraction of X-ray radiation in a semiinfinite elasti-
caly bent crystal yields the following expression for
the diffracted wave intensity at a point &, y, near the
two-dimensional focus:

n(Ep Vo) OP31(L/L°13:(t)/1) O () O(L,).  (6)
Here, J;(t) isthereal first-order Bessel function,

ty = &,00/0n xLnoy, Ty = YpOu/Ap yLio), (7)
0y, = KX/4c0sBg, K = 217A, A isthe incident radiation
wavelength, X, is the Fourier component of the X-ray
polarizability, Ly, isthe distance from the crystal to the
point source image, and O(t) is the Heaviside unit step
function. In writing formula (6), we omitted the factors
independent of the coordinates (&, Y,). Note that,
according to formula (6), the radiation intensity distri-
bution along the Y axis is described by the Bessel func-
tion, rather than by (sint/t)? asin [3].

Taking t, , = Ttin expressions (7), we obtain for the
focal spot size in the two directions

AE, 02/ cosBg|1 — Lpg/Ry
= 2|1 - Lh(O)/Rxl/\thrll/z’

where Ay, = A&, (because R, = R, according to the stig-
matic focusing condition) and A = A/|x;,| is the extinc-
tion length for the backscattering. For L, > R, the
focal spot sizealongthe Y axisis

AYett, ot = 2N Loy Vet pi - 9)

(8)
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Estimates of the focal spot size obtained using for-
mula(8) for A = 1.54 A, [, |=9x 109 R =R =1m,
L,=0.6m,andL,=3mareA&, = Ay, ~4 x 10 m. For
comparison, thefocal spot size A, for B < 172 exceeds
this estimate by more than two orders of magnitude.
From the standpoint of practical applications of the
above results, it is also necessary to take into account
thefinite size of a source emitting the primary divergent
wave. The coherent backscattering from a crystal
involves only a part of the source with the dimensions

Goon, xoon,y < Lo [Xn |- A realistic estimate of the focal
spot size is provided by

AEp = AYp = dcoh,x Ddcoh,y- (10)

With an alowance for relationship (10), the coeffi-
cient of the image transfer by a biaxially bent crystal
X-ray lensis unity in both planes.

It should be noted that formula (6) is a consequence
of the symmetry with respect to the crystal rotation
around the axis Z perpendicular to the crystal surface.
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Abstract—~Propagation of a plane longitudinal acoustic wave in a solid with dislocations is theoretically stud-
ied. The effect of dislocations on the phase velocity dispersion and the character and degree of the wave damp-
ing are analyzed. The results are compared to experimental data for the dislocation relaxation processin lead.
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The propagation of ultrasonic wavesinasolid (crys-
tal) with dislocations can be described by the following
system of equations [1]:

O, -9
Tyl

where A isthe effective dislocation mass, B isthe decay
coefficient of disocation oscillations, P, is the stress
tensor, and f; is the stress acting on the dislocation. Let
uswrite the free energy F of the crystal as afunction of
the deformation U;; and dislocation displacement ¢&;:

% Cik&iéx + %Bi'jkl(biz.j

Here, A, are the elastic moduli, ¢ are the dislocation

“stiffness” moduli, B;; isthe acoustodislocation inter-
action tensor, and by is the Burgers vector. Using the
formulas

A E|+B E| i- (1)

1
F= )‘ijkIUijUkI+§ +b;&)Uy. (2

0 0

Pix ankF’ f; aEiF,

and taking into account Eqg. (2), it is possible to calcu-
late the right-hand parts of Egs. (1). Below we will con-
sider aplanewave propagating along thex axisin acubic
crystal, which is assumed to be homogeneous along the
y and zaxes. Inthis case, the equations of motion acquire

©)

thefollowing form (§; =&, U, = U, i,k =1):
2
a—ZU —c 2U Bo
ot ox pOX""
» (4)
A——E B E = —[3 U

where cisthe longitudinal wave velocity and B;;, b = B.

Let us seek a solution to system (4) in the form of a
running harmonic wave U = Ugexp[i(wt—kx)]+ c.c. and
& = &pexpli(wt — kx)] + c.c., where U, and &, are com-
plex amplitudes, w is the circle frequency, k is the
wavenumber, and c.c. denotes the complex conjugate
terms. Using the condition of existence of solutions to
a system of equations whereby the system determinant
is zero, we obtain an expression for the wavenumber
k=K +ik". Here, the real part k' represents the propa
gation constant (used to determine the phase vel ocity of
the wave V,;, = w/K') and the imaginary part character-
izes the wave damping. Equating the determinant of
system (4) to zero and substituting k =K' + ik", we arrive
at the dispersion equation

Alw' — W (K +ik")7]
(5)

+Bliwc’(K +ik")*—iw] —%Z(k' +ik")? =

Separating thereal and imaginary partsin thiseguation,
we obtain a system of equations for k' and k":

Bwpc’ (k' —k?) + 2KK"(Aw’pc’ + B%) = —Bw’p, (6)
(A’ pc® + BP)(K'> — k)= 2Bwpc kK" + Aw'p = 0. (7)
A solution to thissystemis

Kk = %[— oxX + 202+ Y,

1 2 2\ 12, 12 ®
k' = 512X +2(X*+Y?) 7",

where

0 [Bm pc “A— B(Aco pc +B )]
[B°w’p’c’ + (Aw’pc®+ B

Y= (9)
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X
[ Bo’p’A-BAWDC +BI)] }
[B%wp’c’ + (Aw’pc” + BY] (10)
(Aw’pc’+B?) '

In [1], the effective dislocation mass and the decay
coefficient of dislocation oscillations were assumed to
be on the order of &2 (~10-%). Taking the acoustodislo-
cation interaction coefficient 3 = 0.6 and using the ref-
erence data for lead (metal density, p = 11340 kg/m?;
longitudinal wave velocity, ¢ = 1300 m/s), we obtain the
curve of the wave damping coefficient k" versus fre-
guency v depicted in Fig. 1. This theoretical curve
agrees well with the experimental data on the internal
friction in lead at 95 K (depicted by dashed curve in
Fig. 1) [2]. Notethat the two curves coincide both in the
frequency of maximum damping and in the order of
magnitude.

Itisof interest to consider the influence of the effec-
tive mass A, the oscillation decay coefficient B, and the
acoustodi sl ocation interaction coefficient 3 on the mag-
nitude and behavior of the k" value as a function of the
frequency. Anincreasein the effective dislocation mass
does not change the shape of the curve, but the peak of
damping shifts toward lower frequencies and decreases
in magnitude. An increasein the dislocation oscillation
decay coefficient leadsto anincreasein the wave damp-
ing, while changing neither the shape of the curve nor
the peak position.

A more complicated influence on the wave damping
coefficient is produced by the acoustodisocation inter-
action coefficient 3. Using the above data for lead at a
fixed oscillation frequency of w=30kHz, we obtainthe
curve of k"([) depicted in Fig. 2.

Figure 3 showsthe dependence of the phase velocity
on the frequency, which is also constructed using the
above experimental data for lead. The phase velocity
exhibits the infinite growth at w = 0 and asymptotically
approaches a tabulated value for the longitudinal wave
velocity in lead as the frequency tends to infinity.

No data on the value of the acoustodislocation inter-
action coefficient B = [;;, b, were reported in [1]. The
calculated results agree well with the experiment for 3
on the order of unity. Thus, to provide for the product
of this coefficient by the Burgers vector (the value of b,
ison the order of 10719 m) being about unity, the acous-

todislocation interaction tensor (3, must be on the

order of 10'°m. In the experimental investigation of the
internal friction in fcc metals possessing amaximumin
the damping factor (Bordoni’'s peak) [2], a necessary
condition wasthe absence of strain hardening in the sam-
ples. From thisit follows that the density of dislocations
in these materials does not exceed 10°-10%° m=2. Thus, it
isnatural to suggest that the acoustodislocation interac-

Bw'p’c
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Fig. 1. Theoretical (solid curve) and experimental (dashed
curve) damping coefficient as a function of the wave fre-
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tion tensor is proportional to the density of dislocations.
It is also possible that the acoustodislocation interac-
tion tensor is temperature-dependent, as indicated by
the presence of apeak in the curve of the damping coef-
ficient versus the acoustodi sl ocation interaction tensor.

Based on the above results, we conclude that the
approach employed in this study (using only notions
about the physical essence of processes related to for-
mulation of theinitial equations (1) and (2), rather than
some additional models) provides for the obtaining of
results in good agreement with experimental data on
the dislocation relaxation process in metals. Reflecting
the existence of dislocations in solids was sufficient to
reveal apeak in the frequency dependence of the wave
damping coefficient.
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Abstract—The dielectric properties of LaAlO; single crystal plates were studied by microwave techniquesin
a freguency range from 20 to 28 GHz. The measurements were performed using a resonator representing
crossed round (cylindrical) and radial evanescent waveguides with the polarization-degenerate fundamental
oscillation mode. Various single crystal samples, including those obtained from different manufacturers, exhibit
anisotropy in the (100) crystal plane, whereby the permittivity varies within Ae = 0.1-0.9. © 2002 MAIK

“Nauka/Interperiodica” .

The epitaxial growth of high-temperature supercon-
ductor film structures determines the need in single
crystal dielectric substrates with the surface possessing
fourfold crystallographic symmetry [1]. The require-
ments on such substrates are satisfied, in particular, by
perovskites with the general formula ABO;, among
which special attention was devoted to lanthanum alu-
minate (LaAlOs). The results of investigations of the
dielectric properties of this compound were reported
in [2—6]. The published data on the lattice parameters
of LaAlO; single crystals show evidence of a certain
deviation of the crystal structure from cubic. By these
data, the structure of LaAlO; can be considered as
pseudocubic, composed of unit cells with a side edge
length a and an angle a [2, 3]. The perovskite crystal
may feature the so-called twinning. According to [2],
thiscan lead an uncertainty in the dielectric permittivity
of LaAlO; crystals and, hence, to difficulties in devel-
oping microwave devices in which the resonance fre-
guency hasto be specified with a high precision.

It was pointed out [1] that “LaAlO; substrates pos-
sess rather high dielectric permittivity (e =24 a T =
77 K) dightly varying with orientation due to the twin-
ning effect.” Therefore, questions arise asto what isthe
possible anisotropy in the microwave properties of
LaAlO; and the possible factors determining this effect.
These factors may include a deviation of the crystal
structure from cubic and the influence of various
defects, primarily those caused by the crystal twinning.
In connection with this, we have studied the dielectric
properties of single crystal LaAlO; substrates from the
standpoint of the possible influence of the anisotropy
on the frequency splitting of the polarization-degener-
ate fundamental oscillations in the microwave range.

A method used for the measurement of the dielectric
permittivity of anisotropic single crystal samples is
based on using a polarization-degenerate fundamental
mode HES;5 inacylindrical waveguide resonator [7, 8].
When an anisotropic dielectric of a finite length is
placed into a waveguide, so that the sample occupies

the entire waveguide cross section, the degeneracy of
oscillations is removed and two self-oscillation modes

(HE3,; and HE;,5) appear instead of the single degen-

erate mode. The polarization planes of these modes
contain the directions of maximum and minimum per-
mittivity for the crystals of orthorhombic, hexagonal,
and cubic systems. The permittivity of acrystal ssmple
can be calculated using the measured fundamental fre-
guencies of aresonator formed by an evanescent cylin-
drical waveguide of a finite length and a disk made of
the material studied. The directions of axes are deter-
mined by the polarization of oscillations relative to the
crystal.

The computational formulas were presented and the
measuring unit described elsewhere [7]. However, that
system was designed to measure the parameters of
disk-shaped substrates and could not be used to study
the samples of different shapes.

In this study, we employed a resonator representing
crossed perpendicular round (cylindrical) and radia
evanescent waveguides [8]. An advantage of the mea-
suring unit of this type as compared to the aforemen-
tioned design is the possibility of studying plane-paral-
lel single crystal dielectric samples of agiven thickness
and arbitrary shape. The only requirement on the sam-
ples studied was that the spot of the electromagnetic
field in the radial waveguide would be smaller than the
sample area. The permittivity of a crystal sample stud-
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Table 1. Dataon the geometry and permittivity of LaAlO; substrates cut from single crystals grown in the Institute of Single

Crystals

Sample no. 1 2 3 4 5
Sample shape Square Circle Circle Circle Rectangle
Dimensions, mm 10x10x 0.32 a7 a7 a7 22 x 20 x 0.50
€1 24.2 23.7 239 23.8 23.7
€ 23.3 231 234 23.6 236
Ae 0.9 0.6 0.5 0.2 0.1

ied can be calculated by relationships presented in [9],
using the measured resonance freguencies and the
known sampl e thickness and the resonator geometry. In
order to establish the orientation of crystal axesin the
sample, itisnecessary to determinethe directions of the
projections of an excitation element onto the substrate
plane at the moment of suppression of one of the self-
oscillations. These directions coincide with the direc-
tions of projections of the axes of the refractivity ellip-
soid [10].

Preliminarily, this method was used in the control
measurements performed on dielectric samples with
known values of the dielectric permittivity. For this pur-
pose, we employed the samples of fused and single
crystal quartz. The single crystal quartz samples were
cut in the planes for which the &, and g, values could be
determined. The samples had the shape of either disk or
parallelepiped with lateral dimensions 5-10 mm and a
thickness from 0.25 to 1.0 mm. The € values were
3.80 + 0.04 for fused quartz samples and € = 4.40 +
0.04 and g = 4.60 + 0.04 for single crystals. In the
course of measurements, the samples were moved rela-
tive to the center of the radial waveguide and the reso-
nance frequencies f, were measured in each position. It
was found that the f, values were constant for z =
0.60 mm, where zis aminimum distance from the sam-
ple edge to the inner cylindrical waveguide edge. This
implied that, in this range (for z = 0.60 mm), neither
size nor shape of the samples affected the results of
measurements.

The dielectric properties of LaAlO; samples were
measured in the millimeter wavelength range. For this
purpose, the internal diameter of the cylindrical
waveguide of the measuring resonator was taken equal
to 3.01 mm. The experiments were performed with
LaAlO; samples obtained from two manufacturers:
(i) the Ingtitute of Single Crystals (National Academy
of Sciences of Ukraine, Kharkov) and (ii) the Coating
& Crystal Technology company (USA). In the former
case, the crystals were grown by the Czochralski tech-
nique on a “Kristall” setup with iridium crucibles and
an ingot cross-section control system. The ingots,
grown from a charge prepared by mixing the initia
La,03 and Al,O; oxides, were 30 mm in diameter; the
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crystallization front changed from convex toward the
melt to virtually flat.

The structure of LaAlO; single crystals was studied
by X-ray diffraction. The results of optical measure-
ments showed that the single crystal was homogeneous
with respect to elastic stresses. The samples for the
dielectric measurements were prepared as follows.
First, the (100) single crystal plane was determined and
the single crystal ingot was cut into plates oriented in
this direction with the aid of a Microslice cutting
device. Then the plates were ground with a diamond
powder (10-14 um mesh size) and polished from both
sides. Finally, the plates were cut to square, rectangul ar,
or disk shape with a thickness of 0.30-0.60 mm. The
deviation from plane-parallel configuration (thickness
variation) did not exceed 0.01 mm. The same precision
was observed with respect to the inner dimensions of
the measuring resonators.

The samples of single crystals from Coating &
Crystal Technology company with a thickness of
0.52 mm were aso oriented in the (100) direction.
These samples were ground and polished on one side.

Thevalues of dielectric permittivity measured inthe
central region of the LaAlO; crystalsgrown at the Insti-
tute of Single Crystals are presented in Table 1. The
datain Table 1 are arranged in the order of decreasing
Ae. Thevalues of €, and €, were obtained by averaging
over aseries of not lessthan ten measurement cycles. In
each series of measurements, the central part of the
sample was placed in the region of maximum electro-
magnetic field strength of the resonator. The scatter of
experimental values of the resonance frequency did not
exceed +50 MHz, which corresponds to an uncertainty
in Ae not exceeding £0.01. The measurements were
performed in afrequency range from 20 to 28 GHz.

Table 2 showsthe g, and €, values obtained in asim-
ilar manner for the LaAlO; single crystal plates from
Coating & Crystal Technology company. As can be
seen from a comparison of datafor sample 5in Table 1
and sample 2in Table 2, both crystals possess Ac = 0.10
despite different preparation technologies and sample
geometries.

In order to check for the possibility that the results
obtained for sample 5 in Table 1 are due to this plate
having maximum dimensions among all samplesinthis
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Table 2. Data on the geometry and permittivity of LaAlO;
substrates cut from single crystals obtained from Coating &
Crystal Technology company

Sample no. 1 2
Sample shape Rectangle Rectangle
Dimensions, mm 9.4 x 6.2 % 0.52 12 x 6 % 0.52
€1 23.7 235
€ 23.4 234
Ae 0.3 0.1

series, we shifted the plate relative to the center of the
radial waveguide and measured the f, value (the exper-
iments were similar to those with quartz samples).
These measurements gave Ae = 0.1 for z= 0.30 mm. A
decreasein the minimum zvauefor the LaAlO; sample
as compared to that for quartz is quite reasonable, since
thefield spot in theradial waveguide with LaAlO; sam-
ple was smaller as compared to that for quartz because
of large values of the permittivity.

The above data indicate that lanthanum aluminate
single crystals are anisotropic in the (100) crystal plane,
but the degree of anisotropy issmall. An analysis of the
results obtained for a series of samples (see tables)
shows that there are differences both in the degree of
anisotropy and in the values of permittivity, which
depend both on the crystal growth technology and on
the particular sasmple (for a series grown by the same
technology). Thisscatter isprobably related to the crys-
tallographic anisotropy and to the presence of defects
(in particular, twins) in the LaAlO; crystal structure.

TECHNICAL PHYSICS LETTERS Vol. 28 No. 3
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Determining the relative contributions of these factors
would require further complex investigations.

The results of our experiments show that the devel-
opment and fabrication of microwave devices based on
high-temperature superconductor films deposited onto
LaAlO; plates require microwave monitoring of the
dielectric properties of these substrates prior to the sub-
sequent film growth.
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Abstract—A method for determining the type of dynamic behavior is suggested. The method, based on con-
structing afunction of the number of states of a system, isintended for diagnostics of the laminar and turbulent
phases of motion in a system. © 2002 MAIK “ Nauka/Interperiodica” .

At present, there is extensive development in the
study of dynamic systems, where the laminar and tur-
bulent phases of motion in the system are classified in
terms of the Tsallis information function [1]

_ 1 Oc 0
I+ = mézl(m)q—l% 1

where N is the number of states of the system and p; is
the probability of realization of theith state. In order to
apply function (1) to an analysis of thetime variation of
asignal, itisnecessary to determinein acertain way the
space of states of a given dynamic system and find the
probabilities of these states.

The time-dependent information function is usu-
ally determined based on the window separation prin-
ciple[2], whereby an interval AT isselected inthetime
axis and the information (1) obtained within this time
interval is assigned to the time instant corresponding to
the center or the right-hand boundary of the interval.
Then the window is shifted along the time axis and the
pattern of the information variation with time is con-
structed. The space of states can be introduced, for
example, using an attractor covered in the phase space
by a lattice characterized by a preset subdivision
(Fig. 1). An attractor point falling within a lattice cell
(j, K) is identified with the system state number
(k= 1)J + j. Within a current time window, the system
is characterized by the total number of various states N
representing the compl ete set of events, the correspond-
ing realization probabilities p;, wherei = (1, 2, ..., N),
and the value of the information function at the time
instant t = AT/2. Then the window is shifted by At, the
same values are determined at t = AT/2 + At, and so on.

For g = 0, the Tsallis information 1+(t) = N(t) — 1,
where N(t) isthe number states of the system at thetime
instant t. An analysis of the Tsallis information behav-
ior on the passage to chaos viaintermittency shows that

the laminar and turbulent phases of motion differ by the
number of states in which the system may occur. For
this reason, an analysis of the dynamic behavior types
can be performed in terms of the number of states of the
system.

L et usconsider diagnostics of thelaminar and turbu-
lent phases of motion by an analysis of the solution of
asystem of Lorentz equations [3]

X =0(y—=X), y=rx—xz-y, z=xy—-bz (2

for the following control parameters: o = 10, b = 8/3,
and r = 170.5; the corresponding critical parameter is
r—rv = 170.5-166.07 = 4.43. System (2) was solved
numerically and the values of x, y, and z at every time
instant t"* * were written in the form of atruncated Tay-
lor series constructed for the values corresponding to
the time instant t". The high-order derivatives were
expressed through the first-order values, which allowed
thetransition to the (n + 1)th temporal layer. The Taylor

Z

j J

Fig. 1. A schematic diagram illustrating the introduction of
the space of states of a dynamic system using a lattice cov-
ering the phase space region occupied by the system attrac-
tor (J and K arethe numbers of cellsalong thex and y direc-
tions).
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series was restricted to the first four terms, so that the
proposed method is of the fourth order of accuracy. In
the calculations presented below, the time step was
selected at At = 0.0001.

Let us count the number of states of the system by
the following rule: at a given current time instant, the
number of states S increases by unity if this state is
encountered for the first time. Depending on the pro-
foundness of analysis, by state we may imply either the
state at current time instant S(t") or a set of such states
(S, S, .., S ).

Theinitial growth stage of the S(t) function (Fig. 2a)
reflects accumulation of the number of nonrepeating
states of the system. Astime goes on, the §(t") function
exhibits saturation since the space of statesisexhausted
quiterapidly. If the notion of the “state” is complicated,
the saturation process slows down (curves 2 and 3 in
Fig. 2a). The laminar windows of the function y(t)
(Fig. 2c) correspond to horizontal portions of the S
function. In the turbulent regions, the function S
increases because new states appear in the dynamic
process. Note that, within the framework of this
approach, the state of the turbulent spike taking placein
the preceding time instants is considered as laminar in
the subsequent time instants. This leads to “ saturation”
of the §T) function and necessitates an analysis of the
next level of embedding for the system “state” notion.

The process of saturation of the S(t) function can be
avoided by restricting the set of analyzed states. Let us
introduce a time window with a width AT. For con-
structing the number of states function S(t"), let us ana-
lyze the states realized within this window in a time
interval t"—AT <t <t". Theinformation about the states
att <t"—ATismissing and the S(t") value increases by
unity if a state corresponding to the tine instant t" was
not encountered within the given time window (t" —
AT <t <t"). Figure 2b shows the results of an analysis
of the laminar and turbulent phases in the y-component
of the Lorentz system. The analysis was based on
counting the number of statesrealized in awindow with
the width AT = 3 moving along the time axis. A com-
parison of curves 1 and 2 in Fig. 2b and curve y(t) in
Fig. 2c shows that there is no saturation in the window
function t"), which provides for a more precise diag-
nostics of the turbulent motion phases. We may suggest
that selection of the window width AT is determined by
the time of establishing alaminar regime: this window
must contain at least one period of the laminar motion.

Thus, a difference in the number of states for the

laminar and turbulent phases of motion via intermit-
tency allowed usto develop an effective method for the

TECHNICAL PHYSICS LETTERS Vol. 28 No. 3

2002

225
S (a) 3
1000+ 2
500} 1
1 1 1 1
0 20 40 60 80 t
S(") (b) ]
200 2
1 1 1 1
0 20 40 60 80 t
¥(1) ©
T Wil L&l
] ‘ I
0 | ‘ Y ! i “ 111 ‘ “h
—-150 1 1 1 1
0 20 40 60 80 ¢

Fig. 2. Diagnostics of the laminar and turbulent motion
regimesin adynamic system: (a) time variation of the num-
ber of states for various profoundness of the analysis S =
St (@), " " (2), ", 1" 172 (3); (b) the num-
ber of states determined (1) without and (2) with time win-
dow; (c) time variation of the y-component of the Lorentz
system.

diagnostics of the laminar and turbulent regimes. Based
on the counting of the number of states of a given sys-
tem encountered within acurrent time window, the pro-
posed method is simple in application.
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Abstract—Theelectrical and optical characteristics of aconfined (cage) dischargein aHe—Cl, mixture at pres-
sures within 0.1-1.5 kPa were studied. It was established that the negative glow plasmain this dischargeis a
source of wideband radiation in a wavelength range from 170 to 270 nm with the emission peaks at A s =

195 nm [Cl,(*=-11,)], 200 nm [ CI%* ], and 258 nm [Cl,(D'-A")]. Optimum conditions ensuring the maximum

intensity of emission in the UV—V UV range due to transitions in the chlorine molecule have been established.
Theresults are of interest from the standpoint of the development of a stationary shortwave low-pressure lamp
filled with a He—Cl, gas mixture. © 2002 MAIK “ Nauka/Interperiodica” .

Low-pressure discharges of various types in mix-
tures of inert and hal ogen-contai ning gases are success-
fully employed for the pumping of lamps operating on
the electron-vibrational transitions in the molecules of
inert gas monohalogenides and some halogen dimer
species [1-10]. Most thoroughly developed are the
gasostatic excimer dc lamps in which the active
medium is formed in a positive column of the longitu-
dinal glow discharge. It was shown that promising UV—
VUV radiation sources emitting at A, = 258 nm [3]
and 195/200/258 nm [10] can be also obtained using a
He—Cl, mixture. These working gas mixtures contain
no relatively expensive inert gases (Xe, Kr, Ar), which
is especially important for the development of sources
operating in the low-rate medium flow regime.

Another interesting direction of research is related
to the use of other low-pressure glow dischargeregions,
such as negative glow (NG), for pumping excimer and
halogen lamps. Thisis explained by (i) the intensity of
emission from the NG plasma being higher as com-
pared to that from the positive column plasma, (ii) the
presence of a significant proportion of excited ionsin
the NG region, (iii) the excess of high-energy electrons
in the NG plasma, and by some other factors [11, 12].
However, the use of the NG plasmain optical sourcesis
hindered by a small size of this glow discharge region.

Recently [13, 14], a suggestion was made to
increase the volume of the NG plasmaby using the hin-
dered discharge conditions, the hollow cathode effect,
and a special electrode system leaving no place for the
positive column formation. However, the possibility of
using such systems with working mixtures involving
electronegative gases was previously not considered;
the formation of excimer molecules and excited halo-
gen dimers under such conditions was not studied.

Here we report the results of an experimental inves-
tigation of characteristics of the confined dischargein a
helium—chlorine working gas mixture in a source oper-
ating on the UV-VUV electron transitions in the chlo-
rine molecule. An electrode system for the confined
(cage) discharge comprised four rod anodes and four
cathodes, each with a length of 156 mm, mounted at
equal spacing so asto bound acylindrical region with a
diameter of 30 mm. The electrodes were made of a
stainless stedl rod with a diameter of 3 mm. Thus, the
spacing between the alternating neighbor anodes and
cathodes was about 6 mm. A positive dc voltage was
applied via a 1-kQ ballast to the anode rods, while al
the cathode rods were grounded. The electrode system
was mounted on an insulating flange in a 10-dm? metal
buffer chamber. The buffer chamber was connected to a
vacuum spectrometer via a LiF window. The emission
was extracted from the central part of one of the cath-
ode rods. The system of radiation detection was
described elsewhere [7-9].

At aHe—Cl, gas mixture pressure in the range from
0.1to1.5kPaand apartial chlorine pressure of P(Cl,) =
0.1-0.4 kPa, a white glow was observed around the
entire surface of cathode rods. The plasma column
diameter varied within 5-10 mm depending on the gas
mixture pressure and composition. No common NG
was observed in the inner region of the electrode sys-
tem, which indicated that the medium studied did not
feature the hollow cathode effect. For this reason, such
alamp can employ only the NG plasma emission from
the surface of cathode rods, while the inner region of
the confined discharge can be used for placing targetsto
be exposed to UV-VUV radiation. For example, such
an electrode system can be mounted in coaxial tubes
with a length of 0.15-0.50 m; the external metal tube

1063-7850/02/2803-0226%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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can be provided with a shortwave-radiation- reflecting
coating on theinner surface, while the inner tube can be
made of glass transparent in the range of A = 170 nm.
Such a UV lamp can be used for purifying water from
bacteria and chemical contaminants.

Figure 1 showsatypical current—voltage (I-U) char-
acteristic of the confined discharge in aHe—Cl, mixture
and a plot of the deposited power versus discharge cur-
rent. The I-U curve shape is typical of the hindered
(anomalous) discharge [11, 12]. The voltage between
electrodes (Uy) was relatively low, not exceeding
500V for the discharge currents |, < 200 mA; the dis-
charge current increased with the voltage. As the cur-
rent increased from 40 to 200 mA, the electric power of
the confined discharge exhibited a linear growth from
20 to 100 W. The 1-U curve for I, < 100 mA and the
deposited power versus current plot were similar to the
analogous characteristics of the confined discharge in
pure helium and neon reported in [14].

Figure 2 shows the spectral characteristics of emis-
sion from an NG plasmain He—Cl, mixtures. The spec-
trum displays broad bands peaked at A = 258 nm
[Cly(D-A")], apeak at 200 nm due to the chlorine con-
tinuum, and bands in the region of 195-170 nm
[Cl,(*2-,)]. Uncompleted vibrational relaxation pro-
cessesinvolving excited states of the chlorine molecule
resulted in that these bands virtually merged to yield a
continuum ranging from 260 to 170 nm. At alower par-
tial pressure of helium, the VUV emission from chlo-
rine molecules (A < 200 nm) prevailed in the spectrum;
this behavior was analogous to that observed for the
transverse bulk discharge in aHe—Cl, mixture [15]. An
increasein intensity of the band at 258 nm [Cl,(D'-A")]
with increasing partial pressures of He and Cl, was due
to the singlet—triplet relaxation of highly excited chlo-
rine molecules into alow-lying D'-state. In was estab-
lished that the optimum partial pressure of helium is
within 1.2-1.5 kPa, while that of chlorine is P(Cl,) =
0.3-0.4 kPa

Estimated total power of the UV-VUV emission
into a 4rt solid angle from plasma of a single cathode
rod was 0.5-1.0 W. The emitter efficiency did not
exceed 4%. The electrode system exhibited no signifi-
cant heating because the energy lost for the formation
of aflux of fast neutralsin the confined dischargeissig-
nificantly lower as compared to that in a usua (bulk)
glow discharge [14]; for this reason, the discharge cur-
rent can be increased to 0.5-1.0 A. The UV-VUV
emission intensity increasing linearly with the dis-
charge current implies that the power of emission from
the NG plasma may also exhibit a proportional growth.
Since the plasmais formed only near the cathode rods,
an increase in the emitting area can be achieved by
increasing the rod diameter and/or the total number of
electrodes by afactor of 2-3.

Thus, a confined discharge provided by a special
system of electrodes in a He—Cl, gas mixture alows a
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Fig. 1. Typica characteristics of a confined discharge in a
He—Cl, (0.67/0.13 kPa) mixture: (1) current—voltage curve;

(2) plot of the deposited power versus discharge current.

200 nm [Clik 1
(a)

258 nm [Cl,(D'— A"]

1 1 1
180 210 240

270 A, nm
200 nm [Cl, ]
(b)
1 1 1
180 210 240 A,nm

Fig. 2. Typical spectra of emission from the NG region of
discharge in He-Cl, mixtures with the partial pressures
(a) 1.33/0.27 kPa and (b) 0.40/0.40 kPa.

negative glow plasma of considerable area to be
obtained, which emits wideband radiation due to tran-
sitions in chlorine molecules in the range from 260 to
170 nm. At a low total pressure of the mixture (P <
0.4kPa) and a partia chlorine pressure of P(Cl,) <
0.15 kPa, the source emits predominantly in the VUV
spectral region. The optimum partial pressure of helium
iswithin 1.2—-1.5 kPa, while that of chlorineis P(Cl,) =
0.3-0.4 kPa. The results are of interest from the stand-
point of the development of an electric-discharge
UV-VUV lamp intended for the irradiation of targets
arranged in an internal region of the electrode system,
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example, an extended working medium of an opti-

cally pumped laser, water for disinfection, oxygen for
ozone production by photolysis, etc.
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Abstract—The emf generated in samarium monosulfide (SmS) single crystals heated in the absence of external
temperature gradients was measured for the first time in a broad temperature range (from room temperature to
712 K). The phenomena of self-heating (up to T = 866 K) and the emf generation were observed in the SmS
samples after termination of the external heating. A high level of the emf (0.4-0.6 V) generated for 12 min
(including 10 min without external heating) suggests that these effects can be used for the conversion of thermal
energy into electricity. © 2002 MAIK “ Nauka/Interperiodica” .

Recently [1] we discovered an anomalous growth of
the emf generated in samarium monosulfide (SmS) sin-
gle crystals heated to T ~ 440 K. Subsequent investiga-
tions[2] showed that the emf U isdevel oped in the SmS
sampl esirrespective of the presence of external temper-
ature gradient. Below, we demonstrate possibilities of
emf generation in this system and describe the temper-
ature effects accompanying this phenomenon. A physi-
cal mechanism responsible for the emf generation in
SmSis described elsewhere [2, 3].

Single crystal samples of SmS were grown by the
conventiona method of directional crystallization from
melt [4]. The electrical propertiesand structural param-
eters of the samples were typical of this material and
coincided with published data: conduction electron
conc%\ntration, ~10% cm3; crystal lattice parameter,
597 A.

In order to increase reliability of the results, the
experimental scheme was simplified to a maximum
possiblelevel. A large single crystal of SmSwith avol-
ume of ~0.5 cm® was placed into an aluminum con-
tainer that ensured leveling of the external temperature
gradients during heating of the sample. The container
was filled with an Al,O; powder and placed into a
guartz tube. The tube was heated in the flame of an
alcohol burner. The temperature was measured with a
thermocoupl e (copper—constantan or chromel—alumel),
the junction of which was placed into the filling mate-
rial near the contained wall. A signal from the thermo-
couple and the output voltage of the SmS sample were
fed viaan analog-to-digital (ADC) converter into aper-
sonal computer. Figures 1 and 2 present typical experi-
mental curves. The emf and temperature were mea-
sured at afrequency of 7 Hz.

In this experiment, the first emf generation was
observed 8 min after the beginning of heating (at T =
400 K). The emf pulse continued for ~1 min and had an

amplitude of U = 0.32 V. The second emf generation
period was observed 47 min after the beginning of heat-
ing (at T = 710 K) and continued over ~12 min, during
which time the emf reached a maximum value of U =
0.61 V. Both temperatures of the emf generation onset
were consistent with the temperature interval (T = 400—
700 K) estimated using the relationships established
previously [3]. The particular T values depend on the
concentration of defect samarium ions (excess over sto-
ichiometry) in SmS. Therefore, we have to conclude
that the emf generation takes place in different regions
of the sample characterized by different concentrations
of the defect samarium ions. Here, the effect is illus-
trated by datafor aparticular sample, in which the min-
imum and maximum T values are the most clearly man-
ifested. In other SmS samples, emf was generated at
various temperatures, but these T values always fell
within the indicated temperature interval.

The plot of the emf value U versus ambient medium
temperature (Fig. 2) exhibitstwo special features. First,
the U pulses are accompanied by jumps in the sample
temperature. Second, emf generation continues after
termination of the external heating.

The temperature jumps by AT < 100 K observed in
the course of the external heating are accompanied by
jumps in the U value. These pulses correspond in both
magnitude and direction of change to the effect
observed previously [2] and, hence, can be explained
by the structural changesin SmSrelated to variationsin
the charged state of defect ions. The temperature jumps
are accompanied by the excitation of electrons to the
conduction band: SmS* —» SmS* + & + Q, where
Q~50Jcm3[2].

The phenomenon of emf generation continuing after
termination of the external heating can be explained by
self-heating of the sample dueto the energy liberated in
the course of emf development. Here, new regions of
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Fig. 1. Time variation of the emf generated in an SmS single crystal. Vertical dashed line indicates the moment of termination of

the external heating.

the sample, adjacent to those where the emf generation
takes place, areinvolved in the process. As aresult, the
level of U gradually increases. The temperature of the
sample—medium system changes asaresult of interplay
of the two competing processes: (i) the natural cooling
of the medium and (ii) pulsed self-heating due to emf
generation (Fig. 2). The emf generation ceases when
the temperature decreases to a level corresponding to
the emf generation onset.

All these features of the experimental data are fully
consistent with the model proposed previously [2, 3],
which can be briefly outlined as flows. On heating the
SmS sampleto a certain level (T), acritical concentra-
tion of electrons excited mostly from the impurity lev-
els E; ~ 0.045 eV is achieved in the conduction band.
These impurity levels correspond to the defect ions of
Sm?*, thelocation of which in the NaCl-type SmScrys-
tal lattice is still not quite clear [5]. The eectron con-
centration is sufficient to screen the Coulomb potential
of the defect ions to the extent necessary for the com-
plete delocalization of electronsfrom the E; levels. This
collective process exhibits a jumplike character. How-
ever, the impurity ions are nonuniformly distributed
over the sample volume and, hence, the process does
not begin in the whole sample simultaneously. As a
result, large electron concentration gradients develop
that give rise to emf generation.

Note the large temperature jumps (AT up to 200 K
during emf devel opment on cooling) accompanying the
observed phenomena. Thisisrelated to the evolution of
large amounts of energy, which are comparable to the
phase transition energies.

TECHNICAL PHYSICS LETTERS Vol. 28
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Fig. 2. The pattern of changes in the emf generated in an
SmS sample and in the medium—sample system tempera-
turewith (black curve) and without (grey curve) the external
heating (vertical dashed lineindicates the moment of termi-
nation of the external heating).
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Based on the obtained experimental results, we sug-
gest that the new physical effect observedin SmSsingle
crystals may have promising applications for the ther-
mal to electric energy conversion even in the low-tem-
perature range (T ~ 400 K).
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Abstract—The effect of an electric field on the process of carbon sulfide conversion was studied by modeling
the process in amixture of nitrogen and oxygen ionized under the action of nanosecond high-current or micro-
second low-current electron beams. Depending on the method of ionization, the electric field influencesthe con-
version efficiency either by inducing the synthesis of nitrogen oxides or by changing the rate of cluster ion for-

mation. © 2002 MAIK “ Nauka/Interperiodica” .

Investigations of the process of carbon sulfide (CS,)
conversion in the course of free radical production in
ionized air are necessary for development of the basic
principles of the electrophysical technology for purifi-
cation of commercial gaseous wastes from CS,, for
example, with the aid of pulsed electron beams[1]. Itis
known [2] that analogous processes involving CS, play
an important role in the global cycle of sulfur in the
Earth’s atmosphere.

Recently [3], we suggested that, depending on the
method of air ionization, the conversion of carbon sul-
fide may proceed by different mechanismswith thefor-
mation of gaseous or solid final products. |onization by
a high-current electron beam of nanosecond duration
provides for a chain mechanism of CS, oxidation, with
the final products comprising a mixture of sulfur oxide
(SO,) and carbon oxides (CO and CO,). When the ion-
ization is produced by a low-current electron beam of
microsecond duration, the main CS, cornversion chan-
nels are the ion—molecule reactions and the processes
involving clusters whereby the final products are solid
polymeric particles of the (CS,), type.

We have previously reported [4, 5] the results of
experimental investigationsof CS, conversioninairlike
gas mixtures at atmospheric pressure. The process was
conducted in a volume discharge initiated [4] or main-
tained [5] by pulsed electron beams. When the discharge
wasinitiated by ananosecond €l ectron beam [4], the vol-
ume discharge was initiated at an electric field strength
of E ~ 1-10 kV/cm in the discharge column. It was
established that, asthefield strength E wasincreased in
this interval, the energy (per CS, molecule) consumed
for the conversion increased from 0.6 to 30 eV/mol.
This growth was related both to an increase in the
energy dissipated in the discharge and to the fact that

the number of converted molecules A[CS,] monotoni-
cally decreases with increasing field strength. In the
case of a microsecond electron beam, the volume dis-
charge in analogous gas mixtures was initiated at an
electric field strength of E ~ 10-500 V/cm [5]. Depen-
dence of the conversion level A[CS,;] on the field
strength E was nonmonotonic and displayed clearly
pronounced extrema. The energy consumption also var-
ied nonmonotonically, ranging from 0.8 to 2.2 eV/mol.
A small energy required for the conversion of each CS,
molecule (compare, e.g., to the CS-S bond breaking
energy of 4.5 eV) is evidence of the chain oxidation
reactions [4] or polymerization processes [5] involving
carbon sulfide molecules.

We used the method of numerical modeling to study
the effect of an electric field on the conversion of car-
bon sulfide moleculesin air ionized by electron beams
of the two types mentioned above.

For analysis of the mechanism of CS, conversion, we
have devel oped amodel of the plasmachemical processes
in air containing an admixture of carbon sulfide [6]. The
model involves calculations of (i) the system of energy
supply to the volume discharge (with alowance for the
el ectron beam parameters and the discharge gap opera-
tion scheme), (ii) the plasma characteristics, (iii) the
rate constants of elementary processes involving elec-
trons, and (iv) the kinetics of charged particles and free
radicals. The set of reactions under consideration
includes more than 300 processes involving electrons,
negative and positive ions, and molecules and radicals
in the ground and excited states.

The calculations were performed for the values of
parameters corresponding to the experimental condi-
tions studied in [4, 5]. The system comprised an
N,—O,—CS, gas mixture at atmospheric pressure, con-
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taining 10% O, and 0.3-1.0% CS,. Therelative error of
the determination of CS, concentration in these experi-
ments did not exceed 0.05 in the interval from 0.3 to
0.8% and decreased below 0.03 for a CS, content of
0.08-1%. The electron beam was characterized by a
pulse duration of t ~ 5 ns and a current density of j ~
800A/cnm?inonecaseand by t ~5 psandj ~ 102 A/cn??
in the other case. The electric field strength was varied
in the calculations from 1 to 10 kV/cm for a discharge
initiated by the nanosecond (high-current) beam and
from 10 to 1000 V/cm for adischarge maintained by the
microsecond (low-current) beam.

An analysis of the processes taking placein ionized
air with the participation of carbon sulfide molecules
showed a significant difference in mechanisms of CS,
conversion depending on the process conditions.
Depending on the ratio of the concentrations of ions
(A*) and free radicals (O), the plasma may feature
either the chain oxidation process or the formation of
clusters of the A%(CS,),, type followed by CS, polymer-
ization. The chain oxidation process proposed in [1] is
realized when a high-pressure gas mixtureisionized by
ahigh-density electron beam. Here, the main agent ini-
tiating the chain reaction and limiting the processinten-
sity isthe freeradical O (oxygen atom). The formation
of these radicalsin an N,—O,—CS, gas mixture at atmo-
spheric pressure proceeds via the electron states of O,
molecules and the reactions involving electron-excited

nitrogen molecules (N3 ):

The results of numerical modeling of the experimental
conditions studied in [4] with a high-density electron
beam showed that intensive formation of the oxygen
radicals O in the plasmaleadsto their relative concentra-
tion increasing up to [O]/[A*] ~ 10>-10°. These condi-
tionsfavor CS, oxidation by the chain mechanism [1, 6]
with predominant formation of the oxygen radicals O,
since the mechanism of cluster formation via the ion
channel is ineffective.

The dectric field effect is manifested by a mono-
tonic decrease in the amount of converted molecules
A[CS,]. Figure 1 shows experimental data (points) on
the amount of carbon sulfide molecules A[CS)]
removed from the gas mixture (per hundred pulses of
the nanosecond electron beam) plotted versus the elec-
tric field strength E in the discharge column. An analy-
sis of the results of calculations showed that the main
reason of the observed drop in A[CS;] is the formation
of nitric oxide NO. An increase in the field strength in
the experimentally studied interval (from 1 to
10 kV/cm) leads to a growth in the rate of vibrational
excitation of nitrogen molecules by the reaction

e+ N, — e+ N,(v). 3

TECHNICAL PHYSICS LETTERS Vol. 28 No. 3
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Fig. 1. Carbon sulfide conversion in air under the action of
ananosecond high-current electron beam, illustrated by the
plot of A[CS,] (the amount of carbon sulfide molecules
removed from air per 100 electron beam pulses) versus
applied electric field strength E (black circles, experimental
datafrom [4]; solid curve, our numerical calculations).

A[CS,], 107cm™3 v;
0.7 . 1 '0
0.6

0.5

o5

04

150

1
100
E, V/cm

Fig. 2. Carbon sulfide conversion in air under the action of
amicrosecond low-current electron beam, illustrated by the
plots of A[CS;] (the amount of carbon sulfide molecules

removed from air per 100 electron beam pulses; black cir-
cles representing experimental data from [5]) and v; (the
rate of O, ion production; solid curve numerically calcu-
lated for reaction (5)) versus applied dectric field strength E.

The formation of a significant amount of vibrationally
excited nitrogen molecules N,(v) leads to the loss of
the free oxygen radicals viathe reaction

N,(v)+0O — NO+N, (4)

which reduced the efficiency of the chain oxidation of
CS,. In addition, the electric field strength in this range
does not contribute to the production of atomic oxygen
O. The results of model calculations are presented by
the solid curvein Fig. 1.

The effect of the electric field on the CS, conversion

exhibits a more complicated character in the case of a
discharge maintained by a low-density electron beam.
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Figure 2 shows experimental data (points) on the
amount of CS, molecules removed by microsecond
beam pulsesfrom agas mixture[5]. The results of mod-
eling of the conversion process in a plasma created by
a low-density electron beam of microsecond duration
showed that the concentrations of ions and free radicals
in this system are of the same order of magnitude, but
the radical concentration is insufficient to initiate the
chain oxidation process.

The ion losses related to the electron-ion recombi-
nation under these conditions exhibit a sharp drop,
since the electron density in the plasmaislower by two
orders of magnitude as compared to that inthe gasirra-
diated by the high-density electron beam pulses of
nanosecond duration. As a result, conditions in the
plasma favor the CS, conversions via the formation of
cluster ions. The presence of A*(SC,), clusters and A*
ionsin this system under the action of the electron beam
was confirmed by the data of mass spectrometry [7].

The results of our model calculations showed that
the rate of negative ion formation is almost fully con-
trolled by the three-particle process of electron attach-
ment to molecular oxygen:

e+0,+M — O, + M. (5)

The rate v; of this process depends on the electric field
strength in @ nonmonotonic manner as depicted in
Fig. 2 (solid curve). As can be seen, there is a certain
correlation between the experimental points and the
calculated values of the rate of electron attachment.
Since the CS, conversion rate depends on the ion con-
centration, it would be natural to suggest that the con-
version process is related to the formation of negative
oxygen ionsviareaction (5). However, wefailed to per-
form a quantitative comparison between the results of
calculations and the experimental data on the conver-
sion efficiency because no dataare available on the rate
constants of the ion—molecule reactions leading to the

formation of clustersinvolving the molecular ions O .

TECHNICAL PHYSICS LETTERS  Vol. 28
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Thus, we have studied by numerical modeling the
effect of an electric field on the process of carbon sul-
fide conversion in two regimes of the gas—electron
beam interaction, featuring predominant generation of
either free radicals or cluster ions. In a plasma created
by ahigh-density electron beam, application of an elec-
tric field leads to the formation of nitrogen oxides and
to adecreasein intensity of the main conversion mech-
anism (the chain oxidation of CS,). In the case of amix-
ture ionized by alow-density electron beam, the mech-
anism of conversion changes. a decrease in the elec-
tron—ion recombination rate leads to an increase in the
contribution of ion—molecule reactions. These reac-
tions lead to the formation of clusters and the polymer-
ization of carbon sulfide molecules. The efficiency of
carbon sulfide removal from ionized air is highly sensi-
tive to electric field in the region of low field strength.
Thisis explained by a strong effect of the electric field
strength on the rate of production of ions involved in
cluster formation.
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Abstract—Physical premises for the appearance of quasiperiodic solutions of the Korteweg—de Vries (KdV)
equation are considered. Such solutions appear near singularities of the KdV equation describing, for example,
polarization waves in aferroel ectric substance featuring the first-order phase transition or in an electron beam-—
waveguide structure system. The presence of asingularity resultsin that the velocity of longwave perturbations
in the system becomes imaginary, which corresponds to the wave propagation in the range of nontransparency.
The second harmonic generation is related to modulation of the initial periodic solution at the second (lower)

frequency. © 2002 MAIK “ Nauka/Interperiodica” .

It was previously suggested [1] that, possessing a
condensation point, an infinite sequence of bifurcations
of the nth harmonic generation of aperiodic solution to
the Korteweg—deVries (KdV) equation may lead to sto-
chastization of the solutions of this equation. This was
confirmed by the numerical investigation of solutions
to the Korteweg—de Vries-Burgers (KdVB) equation
describing the dynamics of polarization of aferroelec-
tric substance featuring a phase transition of the order—
disorder type [2]. This study is aimed at an analysis of
the physical premises for the appearance of such solu-
tions. This problem is of interest because model equa-
tions of the KdV type (and the like), with coefficients
possessing singularities leading to the appearance of
the bifurcation condensation points, are frequently
encountered in applications.

For aferroelectric substance, the point of condensa-
tion of a sequence of bifurcations coincides with the
Curie point T = T, at which a phase transition takes
place. It was recently demonstrated [2] that this point
corresponds to the appearance of quasiperiodic solu-
tions of the KdV equation with generally incommensu-
rate frequencies. Thisisformally related to the fact that
coefficients of the KdV B equation for atransversewave
of the polarization P become imaginary above the
Curie point, so that the solution represents a complex
function P = P, + iP, with real P, and P,. The reason
for this behavior is the imaginary velocity of the long-
wave perturbations with small amplitudes propagating
in the system a T > T, which corresponds to a pertur-
bation frequency wfalling within the range of nontrans-
parency inthelinear approximation [3]. Physically, this
implies modulation of the initial harmonic solution,
whereby a general solution to the linearized problem
can be presented as P = Re{(P; + iP,)exp(ikz — wt)},
where k = k(w) isthe wavenumber corresponding to the
frequency w. Here, we explicitly separated the rapidly
oscillating (at the frequency w) and slowly varying
(amplitude) parts of the solution. The amplitude varia-

tions are related to a periodic energy exchange between
the solution components P, and P, shifted in phase by
U2 relative to each other. It was shown [4] that the
amplitude components P, and P, can be used to con-
struct a modulation vector analogous to the Jones vec-
tor employed in the polarization optics [5].

Let us consider in more detail the appearance of
quasiperiodicity in the case of longitudinal waves aris-
ing in an electron beam—waveguide structure (EB-WS)
system. In the linear approximation, there are two
waves in this system: the so-called slow wave in the
electron beam and forward wave in the waveguide.
With an alowance for a small nonlinearity, this prob-
lem is described in a hydrodynamic approximation by
aKdV equation for the variable component of the beam
velocity v:

Vit Avy, +Bv, +Av = 0;

N= LG, R (1)

-~ 2w,lC LT

Here, A isaweak damping depending on the conductiv-
ity G and the resistance R (per unit length) of the
waveguide system, C is the linear capacitance, L isthe
linear inductance of the waveguide system, and w, is
the plasma frequency of electrons [1]. Expressions for
the coefficients A and B are presented in [1]. Not
restricting the generality, we may put A = 1. The vari-
ables T = €¥% and n = eY(z — xt) are the so-called
extended coordinates; zand t aretherea coordinate and
time, respectively; and € < 1isasmall parameter. The
velocity x of longwave perturbations is determined
from the dispersion equation K(x) = 0[1]; inthevicin-
ity of the complex solution X, = X; % i¥X;, this equation
can be presented in the form of K(x) = M[(x — X,)? +
xiz], where M is a constant coefficient. A condition for

the appearance of this solution is that K'(xg) = 0. This
yieldsK'(x) = 2M(x —X,) = £2iMY;. Restricting the con-
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The results of the numerical analysis of Eq. (2) for R=—-20 and i = 0.008 in the interval 0 < x < 2580 for the initial conditions
Rev(0) = Imv(0) = 0.01 and Rev(M(0) = Imv(M(0) = 0.001 (n = 1, 2): (a) the spectrum of solutions to Eq. (2) calculated by the
fast Fourier transform method, s = fft[Rev (x;)], j = 0-2048; (b) the phase portrait of solutions to Eq. (2), Z 1 = Rev(x), Z » =

Imv (x), i = 0-4095.

siderationto sign “+” and taking B = [0,K'(X)] %, where
o isthe parameter of the charge density wave screening
related to the presence of awaveguide structure [1], we
obtain after ssimple algebra the following equation for
the solutions dependingon x=n — VT withV =0:

Vy—ivv,—Rv,  —ipv = 0;
R= 48 0 M=)E- @)
20 MXI Xi
The phase portrait and the spectrum of solutions to
Eq. (2) for some particular values of R and p are pre-
sented in the figure. As can be seen, a specia feature of
the quasiperiodic solutionsto Eq. (2) is the presence of
a modulated structure at each of the fundamental fre-

guencies. This is related to nonlinearity of the initial
equations and to the appearance of the second (lower)

TECHNICAL PHYSICS LETTERS  Vol. 28

frequency. These results confirm the modulation char-
acter of quasiperiodicity.
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Abstract—Use of the wavelet transform is suggested for the processing of images obtained with a scanning
atomic force microscope (AFM). Efficacy of the proposed method isillustrated by the results of numerical mod-
eling of the AFM images. The wavelet transform can be also employed for the processing of imagesin optical
near-field, electron tunneling, and magnetic force microscopies. © 2002 MAIK “ Nauka/ I nter periodica”

One of the main tasks in practical surface probe
microscopy techniques is the development of new
effective methods of signa shaping and processing. The
modern scanning probe microscopes usualy employ
digital signa processing methods based on appropriate
hardware and software facilities. This provides for an
effective control of the measurement process and for suf-
ficiently rapid (on-line) data processing [1].

This paper suggests using the wavelet transform for
processing images and analyzing physical processes
taking place in the probe-sample system of an atomic
force microscope (AFM). The wavelet transform of an
arbitrary signal u(t) consists in expanding this signal
into a series in soliton-like functions Y(t) called base
wavelets, which providesfor atwo-dimensional expan-
sion of the spectrum with respect to the coordinate and
frequency [2—4]. In order to cover the whole signal
spectrum with short wavelets, the method employs the
shifting and scaling procedures. Eventually, the signal
isrepresented by a system of wavelet waves depending
on the frequency (scale) and coordinate (shift).

Mathematically, the wavelet transform is expressed
as

b-b
0 = 56 J’deWDa ag%w“—%%
(1)
W(a, b) = ju(t)wﬂ LD, jlww)l“"*’

where W(a, b) is the function determining the wavel et
spectrum; a and b are the variables determining the
expansion and displacement required for the signal
coverage with the wavelet; a, and b, are the control
parameters providing for the possibility to change the
scale and shift theimage; C,, is the normalization coef-

ficient; and () (w) is the Fourier image of the base

wavelet. Filtration of the nose-distorted signa is
achieved by threshold truncation of the spectrum

W'(a, b) = W(a, b)d(|W(a, b)| - f)

(D(X) = Dl’ ))((:(;) (2)

where ®(x) isthe Heaviside function and f is the noise
reduction level. By replacing W(a, b) with W'(a, b) in
Egs. (1), we obtain afiltered signal.

Formulas (1) and (2) form the basis of the mathe-
matical model of the wavelet filtration. This process
was implemented by calculating AFM images of var-
ious model surfaces in a monoatomic point approxi-
mation [5]. The computational procedure employed a
fast wavelet transform [3, 4] of the Mexican hat
(MHAT) wavelet type, representing the second deriva-
tive of the Gauss function [2—4], and the Lennard-Jones
potential. The potential parameters (potential well
depth and equilibrium state) were calculated for the
carbon—carbon system within the electron gas approxi-
mation [6]. The noise due to theintrinsic AFM fluctua-
tions and drift was modeled by the relationship

F = Fo(1+84),

where F, isthe nominal forcevalue,  isacentered ran-
dom variable acquiring valuesfrom the (-1, 1) interval,
and A istherelative force scatter cased by the presence
of noise.

Thefigure showsimages of amodel square lattice of
carbon atoms with a period of 0.246 nm: Part () is a
noisy image (A = 0.8) corresponding to a maximum
force amplitude of AF = 4.5 nN. Part (b) presents the
image obtained upon the scanning wavelet filtration
(noise reduction level, f = 0.1 nN) with AF = 2.5 nN.
The distance from the point tip to the surface was
0.25 nm. Part (c) showstheforce signal variation along
aparticular scan line indicated by arrows in images (a)
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Theresults of anumerical experiment: (a, b) noise-distorted and filtered images of a0.5 x 0.5 nm square carbon lattice, respectively;
(c) initial and filtered force signal scanned along the line indicated by arrows inimages (a) and (b).

and (b), broken and smooth curves representing the ini-
tial and filtered signals, respectively. As can be seen
from these data, the wavelet filtration of AFM images
ensures profound suppression of noise, while retaining
theinitial signal structure. On the whole, the numerical
experiment demonstrated that the wavelet filtrationis a
highly effective method for processing involved sig-
nals. Thisis explained by the properties of base wave-
lets representing finite self-similar functions. Using this
method, we have successfully processed a noise-dis-
torted image of a model atomic lattice with randomly
arranged defects (vacancies), where the Fourier filtra-
tion was ineffective.

The wavelet transform can be also applied to the
analysis of optical near-field images. As is known, the
energy spectra of such images contain certain details
corresponding to different scales (near and far fields),
while the signal possesses a fractal character. In order
to solve the problem of superresolution, it is necessary
to separate an evanescent region in the spectrum of
coefficients W(a, b) and than apply the wavelet trans-
form so asto restoretheimage. A similar situation takes
place in tunneling microscopy, wherethe wavel et trans-
form can be used to study the inelastic tunneling and
spin polarization effects. In the magnetic force micros-
copy, the wavel et transform can be applied to an analy-
sis of the magnetization process.

TECHNICAL PHYSICS LETTERS  Vol. 28

In concluding, it should be noted that the problem of
noise suppression can be also solved by an [A, Z] mode
reduction [7] or adiagram modeling technique, for exam-
ple, using aPSpice program package[8]. These questions
will be considered in the subsequent publications.
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Abstract—The design and microwave characteristics of a ferroelectric thin film dotline~waveguide phase
shifter operating in the millimeter wavelength range (f ~ 60 GHz) are presented. In this frequency range, the
phase shifter possesses afigure of merit F = 32 deg/dB and provides for a continuous phase shift in the interval
from zero to 255 deg. The ferroelectric films are characterized by a dielectric loss tangent of tand = 0.04 at a

tunability factor of K = 1.7, which are promising parameters for the given frequency range. © 2002 MAIK
“ Nauka/Interperiodica” .

Previous investigations showed good prospects for
the use of thin ferroelectric films in tunable micro-
wave devices, in particular, phase shifters for the

thicknesses varied from 0.5 to 1 um. After deposition,
the films were allowed to cool in pure oxygen at arate
of 2-3K/min [5]. Then the BSTO film surface was cov-

microwave range capable of operating at frequencies
up to 30 GHz [1, 2]. The purpose of our study was to
create a microwave phase shifter operating at a fre-
guency of 60 GHz based on a ferroelectric thin film
finline structure. Such a phase shifter can be used asa
phased array element in onboard automobile safety
systems[3].

The finline phase shifter design is schematically
presented in Fig. 1. A ferroelectric element represent-
ing a dot line segment based on an alumina substrate
bearing aBaSr, _, TiO5 (BSTO) film and a copper met-
allization layer was mounted in the waveguide and ori-
ented along the waveguide axis in the E plane. The
phase incursion of a microwave signal was controlled
by the dielectric permittivity of the ferroelectric filmin
the dlot line gap (working length, 4 mm; gap width,
~6 pum), which could be changed by applying a bias
voltage (Up). A 20-um-thick insulating mica plate with
a copper metallization layer was used to fix the ferro-
electric element in the waveguide and to supply the
control voltage. The matching of impedances of the ot
line and the waveguide was ensured by special trans-
formers with the topologies calculated using the rela-
tionships derived in [4].

%
9

>

%,

%

The ferroelectric films were prepared in a Leybold
Z-400 setup by ion-plasma RF magnetron on-axis sput-
tering of a BaSr; _,TiO; commercial ceramic target
with a diameter of 76 mm. The films were deposited
onto alumina substrates (15 x 15 mm in size, 125 um
thick) in a pure oxygen atmosphere at a pressure of
~10 Pa and a substrate temperature of 905°C. The film

Fig. 1. A schematic diagram of the phase shifter based on a
slotline-waveguide structure: (1) ferroelectric element;
(2) ferroelectric film; (3) substrate (alumina); (4) working
region; (5) copper film; (6) micaplate with (7) metallization
layer; (8) waveguide elements.

1063-7850/02/2803-0239%$22.00 © 2002 MAIK “Nauka/Interperiodica’



240

A, deg
500

400 —
300+
200

100f

200

1
300
Uy, V

Fig. 2. Caculated (1, 2) and experimental (3, 4) character-
istics of a microwave phase shifter with ferroelectric film
samples1 (1, 3) and 2 (2, 4).

| |
150 250

|
100

a,,, dB/mm
Q
0207 .\ f=60GHz
v\
015k L\
\ RN
\\ \‘\
0.10} \3\ ~
\\ h J
0.05}F <
/=30 GHz e -0
20 40 60 80

s, Um

Fig. 3. Plots of the attenuation factor oy, determined by

losses in the metal film of the slotline at f = 30 and 60 GHz
(sisthe slotline gap width).

ered with a ~1-um-thick layer of copper deposited by
thermal evaporation in vacuum. The microwave phase
shifter topology was formed by liquid-phase lithogra-
phy. The ferroel ectric elements of the phase shifter were
prepared using BSTO films with x = 0.4 (sample 1) and
X = 0.3 (sample 2). The dielectric permittivities of the
filmsin unbiased samples 1 and 2 were (U, = 0) =490
and 320, respectively.

Figure 2 shows the experimental and calculated
dependences of the phase shift on the applied control
voltage. The phase shift was cal culated using the theory
of multilayer slotline~waveguide structures [6]. In the
experiments, sample 1 introduced the initial loss of
S;; ~ 15 dB at afrequency of f ~ 60 GHz. When adc
control voltage of 300 V was applied to the working
element, theoss decreased to —8 dB and the continuous
variation of the microwave signa phase amounted to

TECHNICAL PHYSICS LETTERS  Vol. 28
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Ad = 394 deg. By the same token, the loss introduced
by sample 2 was S,; ~ -8 dB; at 300 V, the loss
decreased to —6 dB and the phase shift amounted to
A = 255 deg. The matching elements were not
optimized, which resulted in arefection coefficient of
S;; =—4 dB. The main characteristic of a phase shifter is
the figure of merit F[deg/dB] = Ad/S,,. For samples 1
and 2, the F values cal cul ated for the maximum atten-
uation S,; were F ~ 26 and 32 deg/dB, respectively.

The mechanisms of microwave losses determining
the S,; value for a dotline-waveguide structure are
related to the signal attenuation in the ferroelectric film
(tand) and in the metal electrodes. In order to deter-
mine the attenuation caused by lossesin the metal (a,),
we have measured the figure of merit for the slotline—
waveguide resonators based on the alumina substrates
free of the ferroelectric film. Figure 3 showsthe plots of
the attenuation constant versus the dotline gap width
for the frequencies 30 and 60 GHz. The wave imped-
ance of the transmission line changes due to an increase
in the effective dielectric permittivity €4 of the sub-
strate bearing a ferroelectric film. As aresult, lossesin
the metal increase in proportion to €4 [4] relativeto the
data presented in Fig. 2. The calculation of g4 taking
into account the ferroelectric film shows that losses in
the metal for a dotline with agap width of 6 um can be
estimated at a,, ~ 0.5 dB/mm. Using the measured
attenuation introduced by the ferroelectric line and
estimated losses in the metal, we can determine |osses
in the ferroelectric film (a ). For the dlotlines in sam-
ples 1 and 2, the corresponding values are oy =
3.5dB/mm and ag = 1 dB/mm. Thus, in the fre-
guency region studied (~60 GHz), the diel ectric losses
exceed losses in the metal and, hence, the quality of
the ferroelectric film is of major importance. It is a
decrease in the role of metal losses that allows the
slotline gap to be reduced to ~6 pum and the phase
shifter to be controlled using lower voltages.

An analysis of the a values allowed the dielectric
loss tangent to be estimated as tand, = 0.12 and

tand, = 0.04. The tunability factors were K; =
€(0V)/e(300V) = 2 and K, = 1.7. The parameter of the
quality of the ferroelectric films (determining their
applicability in microwave devices) is determined as
p =(K-1)¥Ktand,tand, [7], where tand, and tand
are the losses in the ferroelectric film without applied
control voltage and with U, # 0. For sample 2, this
parameter isp = 250, which allows control deviceswith
very high parameters to be abtained for the millimeter
wavelength range. In particular, a phase shifter with
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Abstract—Using linear stability analysis and the principle of maximum entropy production, the complete mor-
phological phase diagrams (including stable, metastable, and labile phase regions) were cal culated for the mor-
phology selection during the continuous growth of an infinite cylindrical crystal from solution. The calculation
was performed with an allowance for an arbitrary kinetics at the growth surface and linear dependence of the
growth rate on the degree of supersaturation. It was found that the three and more morphological phases may
coexist in the system under kinetically controlled and intermediate growth conditions. © 2002 MAIK

“Nauka/Interperiodica” .

The results of many experimental investigations and
computer simulations showed that there are regions of
the parameters controlling nonequilibrium crystalliza-
tion process in which various morphol ogies may coex-
ist [1-3]. In connection with this, an important problem
isto analytically calculate the morphological phase dia-
grams including the boundaries between metastable
and labile phase regions. At present, this problem has
not been completely solved.

Previoudly [4, 5], we suggested using the principle
of maximum entropy production [6] in combination
with linear stability analysis for calculating the com-
plete morphological phase diagrams (including stable,
metastable, and absol utely unstable phaseregions). The
calculations were performed under the assumption of
infinitely fast surface kinetics.

The purpose of this study was to use the approach
proposed in [4, 5] for an analysis of the morphology
selection problem during nonequilibrium growth of a
cylindrical crystal from solution with an allowance for
afiniterate of kinetic processes at the growth boundary
and a linear dependence of the growth rate on the
degree of supersaturation.

A linear stability analysis for a cylindrical crystal
being grown from melt was previously reported in [7].
However, specific boundary conditions employed for
the crystallization from melt and incomplete results
presented in that paper made it necessary to perform an
independent linear analysis for the morphological sta-
bility in the system studied. For the growth of aweakly
distorted cylindrical particle from solution, the problem
isformulated as follows.

(i) The crystallization proceeds under isothermal-
isobaric conditions; it is assumed that both the free sur-
face energy and the kinetic coefficient are isotropic.

(i) The concentration field is described by the diffu-
sion equation oc(r, t)/ot = DOc.

(i) It is assumed that an arbitrarily small distortion
of the cylinder can be represented as a superposition of
functions of thetype F(¢, 2) = cos(kd)cos(k,ZR), where
z, ¢ arethe cylindrical coordinates, k is a positive inte-
ger, k, isany real value, and R is the radius of the non-
perturbed cylinder.

(iv) The solution concentration obeys the following
boundary conditions:

C(oo,t) = Coov C(r!t) = Cint’ (1)

V = R+8F(0,2) = %‘;_‘r: = %(Cim—cimeq), )

where Visthelocal growth rate, R = dR/dt, & = dd/dt,
tisthe current time, ¢ isthe current solution concentra-
tion, r = R(t) + d(t)F(9, 2) isthe shape of adistorted cyl-
inder, d(t) is the small perturbation amplitude (& < R),
D isthediffusion coefficient, 3 isthe kinetic coefficient
of crystalization, C is the crystal density, C, is the
solution concentration far from the crystal surface, C;
is the solution concentration near an arbitrary surface,
and Cipyeq = Ci(B — ©0) is the equilibrium solution
concentration near an arbitrary surface.

The boundary condition (2) is written under the
assumption that the solution concentration is negligibly
small as compared to the crystal density. This assump-
tion, noticeably simplifying solution of the problem, is
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well satisfied in many real systems featuring crystalli-
zation from solution. We will restrict the consideration
to the case of (C,, — C;,)/(C — C;,p) < 1, which isvalid
for most of the growth solutions [8, 9]. According
to[7], a solution to the diffusion equation with the
boundary conditions (1) and (2) in this approximation
isalso asolution to the Laplace equation (C%c = 0) with
the boundary conditionsc(R,) = C., ¢(r) = C;,;, and (2).
Here, R, = RIVA, Inv? = 0.5772 is the Euler constant,
and A is determined from the equation A2In(v2\?) +
(Coo - Ci nt)/(c - Cint) =0.

Solving the problem in the linear approximation
yields the following results:

— C CReq
c(r,d,z2) =C, + A Fap In R)\
DCFK (1+ap)C, CRe%BF(q) 7) @)
*0 R A +apgl+oapH’
S5 — Q(Coo_CReq)
R = CR(A+ap) )
S —D6|:C00_C el
3(t) = —; —
CRgA tap
%)
[Po K—(1+ap ) —Creqy_ H D

A, +0(p51+0(pHD

where A, =In(R\/R), a = D/BR*, R* = C,I'/(C,, —C,) is
the radius of acritical nucleus, p = R*/R, Creq = Co(1 +
I'/R) is the equilibrium solution concentration near the
nonperturbed cylinder surface, C, is the equilibrium
solution concentration near a flat surface, I is the
coefficient of surface tension, H = H(k, k) =

kR (K)IR (), Ryi(k,) are the modified Hankel func-
tions, R (k,) arethe derivatives of the modified Hankel
functions[7], and K = K(k, k) = k2 + k> —1.

Equation (5) showsthat the perturbation increasesif
the crystal radiusis greater than the critical value

AKHT
R Jg+ kg

Formula (6) was derived with neglect of the depen-
dence of A, on R, since the numerical calculations
showed that the parameter A determined in the approx-
imation of (C,, — C;,)/(C — Ci) = (C,, — Cp)/(C = Cp)
gives A, values with an uncertainty not exceeding
2-4%. Formulas (5) and (6) fully determine the stabil-
ity of a cylindrical particle with respect to negligibly

R, AKH

S_
R'= 2 H-1

40(K—-—— (6)
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small perturbations during the growth from solution. In
the limit of an infinitely large kinetic coefficient, the
solution reduces to the results obtained in [9]. Accord-
ing to [4, 5], relationship (6) represents an equation of
the spinoda of a morphological transition from stable
(cylindrical) to unstable (dendritelike) growth.

Now wewill analyze the problem using athermody-
namic approach described in [5]. First, let us determine
a difference between the entropy production (AX) for
the growth of perturbed and nonperturbed cylindrical
crystals. The local entropy production o per unit time
will be calculated for avolume element near the crystal
surface, possessing a unit thickness and an area
bounded by an angle d¢ and alinear element dz. In the
dilute solution approximation (accurate to within acon-
stant o ~ D(Oc)%/c) [10], Eq. (2) yieldsfor the differen-
tial entropy production

(C-Ci)’ 2 (C—-Cp)’.>
g Vi - R
x 5F (¢, Z)ddpdz.

2z 0] @)

Assuming the relative supersaturation to be small, A =
(C,, —Cp)/C, < 1, and using formulas (4)—(5), we obtain

A3 O(R3 + 28R)dddz
(8)
z)dddz.

[l 1-p
OF 2pKH + H(2 + ap) — 1J0F (¢,
- 20KH + LBo(HC + ap) - 15F @
Aswasdonein [5], let us select the direction (¢, 2)
corresponding to F(¢, 2 > 0. Within the interval
[R*, R¥ of possible variations of the cylinder radius,
AY > 0for R> R, where

RO o 2AKH
25 2H-1 2H-1
(9)
aH __ 2AKHT
+ - + + +
«/[1 2H-1 2H—1} (2K + 15‘

This relationship determines a binodal of the mor-
phological phase transition under consideration (the
point of instability with respect to small perturbations
with a finite amplitude); the interval (R°, R®) corre-
spondsto ametastableregion [4, 5]. Using formulas (6)
and (9) and following the procedure described in [4, 5],
it is possible to construct the phase diagrams for the
regions of stable and unstable cylinder growth. For
illustrative purposes, we will consider only the case of
angular perturbations in the angle ¢ (k, = 0). Despite
this simplification, the case under consideration
includes al principal types of the morphological phase
diagrams possible for the cylindrical crystal growth
(morphological phase diagramsfor athree-dimensional
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Fig. 1. (a) The plots of RS (solid curve), R0 (dashed curve),

and R (dotted curve) versus parameter a for k = 2; (b) the
plots of crystal mass gain dN/dt versus relative supersatura-
tion A near the morphological phase transition point for k =

24 and R=18x 10, 47 x 10, and 8.7 x 10 cm,
respectively; a = 1, = 10~ cm, C/Cy = 6.

casek# 0, k, # 0will be reported in subsequent papers).
Fork,=0andk=2, H=H(K) = k[9] (perturbationswith
k=0, 1 and k, = 0 do not change the cylinder shapein
the linear order of the perturbation theory [9]). In this
approximation, formulas (6) and (9) acquire the follow-
ing form:

s _ R*
R = ?(1+A,\k(k+ 1)

(10)
+J(1+ Ak(k + 1))% + dak(k + 1)),
- RO _ak | 2AK(K-1)
25 2k-1  2k-1
(11)
ak | 2Ak(K =1)77 . k(2k*-1)O
+«/[1_2k-1+ R T .

As can be seen from Fig. 1a, the radius of absolute
instability decreaseswith increasing kinetic coefficient.
On the contrary, the radius of the binodal increases and,
hence, the width of the metastable region (R°, R

TECHNICAL PHYSICS LETTERS  Vol. 28
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RS, R”, 10* cm

Fig. 2. Plots of the radii of spinodal R® (solid curves) and

binodal R (dashed curves) versusrelative supersaturation A
for k = 2—4. The growth is stable in the regions below bin-
odals, absolutely unstable above spinodal's, and metastable
in the intermediate band. The calculations were performed

for I =107/ cm, C/Cy =6, and a = 0.1 (a), 100 (b).

decreases. The metastable region also tendsto decrease
with increasing perturbation harmonic number.

Let us consider variation of the crystal mass during
the morphological phase transition under consider-
ation. By analogy with the entropy production analysis,
let us calculate the difference between the crystal mass
increments per unit time during the growth of perturbed
(dN/dt), and nonperturbed (dN/dt),, cylindrical crystals.
The calculation for a solution volume element of unit
thickness rd¢dz near the crystal surface yields

(dN/dt),— (dN/dt), = (CVr —CRR)d¢dz
Dep +1)(1-p)—p(As +ap)(K*-1).

The difference between the fluxes of crystallizing
substance supplied from solution to the perturbed and
nonperturbed cylindrical surface becomes zero for the
crystal radius

(12)

R = 05R*(1+A(K-1)-a

(13
£ J(1+ AR =1) —a) + 4akd).
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Ascan be seen from Fig. 1a, the size for which the mass
of the crystal with perturbed surface increases faster
than that of the nonperturbed crystal is always smaller
than the binodal radius. For this reason, the mass of the
crystal always exhibits a jump during the morphol ogi-
cal phasetransition (Fig. 1b). The investigation showed
that the jump magnitude increases with A and 3 and
decreases with increasing harmonic number (Fig. 1b)
and the surface tension coefficient.

Figure 2 shows the morphological phase diagrams
displaying the regions of stable and unstable crystal
growth. In the diffusion-controlled regime, the metasta-
ble regions do not overlap (Fig. 2a), whereas in the
intermediate and kinetically controlled growth regimes,
the metastable regions corresponding to different per-
turbation harmonics are superimposed, which corre-
spondsto the coexistence of alarge number of morpho-
logical phases (Fig. 2b). For example, in the system
with A =0.05and a = 100, 150, or 1000, the number of
coexisting phases may reach 4, 5, and 7, respectively.

Thus, we have analytically analyzed for the first
time the morphological phase transitions during the
growth of an infinite cylinder crystal under conditions
of arbitrary surface kinetics. The analysis, performed
within the framework of the approach developed previ-
ously [4, 5], revealed the regions of control parameters
in which various morphological phases may coexist.
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Abstract—Thereflection of an acoustic wave from a concave cone-shaped surface leads to the formation of an
intense wave propagating along the symmetry axis, with a flat front and aradial profile described by a zero-
order (n = 0) Bessel function of the first kind. The wave front profile retains the shape over an extended path,
asif the wave would be propagating in an acoustic waveguide; the role of the waveguide wallsis performed by
the side energy supply. In the case of a cone-shaped reflecting surface with a spiral directrix, the radial profile
of the reflected wave field corresponds to the first-kind Bessel function with n > 0 and the wave propagates as
if in ahollow waveguide. © 2002 MAIK “ Nauka/Interperiodica” .

The state of a substance in the region of extremal
parameters is usually studied by concentrating energy
in ashock wave characterized by a pressure jump from
p, to p,. A waveguide for such a shock wave usually
represents alow-pressure (p;) chamber of a shock tube.
In modern shock tubes, the p,/p, ratio may reach up to
10%-10%, but thisis usually achieved at the expense of a
low initial pressure in the waveguide tube. The size of
the zone of visualization of a process studied is limited
by the possibilities of making high-quality optical
glasses and the conditions of hermetically installing
these windows into the waveguide.

Durnin[1] showed that the wave equation possesses
exact solutions describing beams propagating in the
free space without expansion in the transverse direc-
tion. In the case of plane waves, these solutions are
characterized by a finite amplitude and contain no sin-
gular points. In the case of axial symmetry, the radial
field distribution in such a beam, described by the
Bessdl function, is reproduced in sequential cross sec-
tions. According to this concept, the energy of an
acoustic wave can be concentrated by the method of
“waveguide” focusing of the acoustic pulses, which
offersan alternative to the shock tube. However, it must
be redlized that a real wave front is limited in space,
being of afinite diameter.

Let us consider the principle of waveguide forma-
tion in application to acoustic oscillations with a wave-
length of A = 2rc/w. The focusing geometry is illus-
trated in Fig. 1. A flat front O of the incident wave (in
the right-hand part of Fig. 1) encounters a reflector |
having the shape of a cone with a base diameter 2R,,

abase angle a, and alinear generatrix { = Rtana .

Upon reflection, the wave front propagating in
region Il acquires a conelike shape 1 passing sequen-
tidly through positions 2. The wave field is concen-
trated on the symmetry axis z over the focal length L.

Now we will estimate this length and the diameter of
the energy concentration zone.

For this purpose, |et us place the origin of the coor-
dinate system at the cone apex and find the coordinate
z at which aray of the incident wave with an arbitrary
radius R crosses the symmetry axis: z= R/sin2a. Using
this formula and simple geometric considerations, we
can express the focal length as

Lo = =2 )

sin2a’

In order to estimate the diameter of the focus zone, we
use the notions about the diffraction divergence of a
wave beam, according to which the beam diameter d,
corresponding to the angle 2a of the ray inclination to
the axis, is

A
d O @)

Since the inclination angle 2a is constant along the
focal length, the diameter d, of the energy concentra-
tion zone must be independent of the coordinate z.
Thus, according to the above estimates, focusing over
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Fig. 1. Waveguide formation scheme (see the text for expla-
nations).
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thefocal length L, leadsto the formation of anondiver-
gent acoustic wave similar to that formed in a
waveguide with the diameter d,. The function of a
cylindrical waveguide is performed by the side energy
supply in a configuration of the Mach reflection type.
According to Fig. 1, the wave front propagates along
the z axis in the running focus regime at the velocity
c, = c/cos2a.

Now let us proceed with a stricter determination of
the wave field in the waveguide formation mode. This
field is conveniently characterized in terms of the
potential ¢ of the velocity field u, related asu = grad,
because the potential will allow us to readily express
the variable parts of other hydrodynamic parametersin
the wave, for example, the pressure p = —py(d@/ot) and
the density p = —(po/c?)(0@/dt) [2]. The acoustic wave
field within the focal length is described by the wave
eguation 0°@0ot?> — cAg = 0. As is well known, this
equation admits factorization of the solution with
respect to the spatial coordinates and time. Therefore, a
monochromatic wave component with the frequency w
can be presented in the following form:

o(r,zt) = Re{ f(r, z)exp[-i(wt—k2)]} , 3
where k = w/c is the wavevector modulus and f(r, 2) is
the complex wave amplitude.

The wave amplitude varies slowly along the z axis
(because the derivative /0% is small). Substituting
expression (3) into the wave equation, we obtain an
equation for the amplitude distribution:

L of 10pofg _

2lkaz+ rar0arl 0. “)

The boundary condition can represent the state of the

wave (3) at the moment of reflection, that is, at the coor-

dinate z= 0. Let F(R < R,) be the radia profile of the

acoustic field of the primary wave. For a < 174, this
boundary condition can be written as

f(r,z=0) = F(R)exp(—ikrsin2a). 5)

In the paraxial region (r? < z/k) within the interval
z> Msin?(2a), the system of Egs. (4) and (5) has a
solution which can be presented in the following form
(see eg., [3]):

f(r,z) = fy(2)Jo(krsin2a)

. 2 2 6
.\ fl(z)expgkz(zo;r )EJog(?r%’ (6)

where Jo(X) is a zero-order (n = 0) Bessel function of
the first kind with the argument

x = krsin2a, (69)
fo(z) = J21kzsin(2a)F(zsin2a) (6b)
x exp(—i(kz/2)sin’ (20 +11/4)),
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f1(2) = F(Ro)/(1—2z/L)exp(~ikR,Sin2a).  (60)

The term with the amplitude f,(2) appears dueto the
finite wave aperture and reflects the wave diffraction at
the boundary of the mirror. Thisterm ismost significant
at the end of the focal length, but is small already for
(Lo— 2)/A = 10, so that |fy)/|fo] < 1. Taking this into
account, the intensity of the acoustic wave field for a
finite diameter of the incident beam can be expressed as

1£(r, 2)17 = | f4*|30(X)|?, )

with the axial distribution function

|fo° = 2mkzsin®(2a)F*(zsin2a) (7a)
under the condition
Msin’2a < z< (Ly—10\). (7b)

According to expressions (7), the radia intensity
distribution isindependent of z. Therefore, the distribu-
tion retains a cylindrical configuration aong the focal
length part (L < Ly) (1) determined by the condition
(7b). This distribution is of the Bessel type |J,(x)|? and
the expression (2) may refer only to the central maxi-
mum with a diameter of d = (2.4/m)(A/sin2a). Indeed,
comparing this expression to the estimate (2), we con-
clude that d = d, for small angles.

The diameter d determinesto a significant extent the
waveguide focusing efficiency B = |fy[?/F2. This value
can be readily determined provided that the function
F(R) is known. For arectangular distribution function
F(R), the wave intensity at the point z= R/sin2a at the
symmetry axis exceeds the intensity at the point R in
the incident wave by a factor B = 41%/(R/A)sin2a. For
example, in the case of R =100 cm, A = 0.1 cm, and
a =5°, the efficiency averaged over the focal length L
amountsto 3 = 3 x 103,

In addition, the focusing efficiency 3 is also affected
by the axial distribution (7a). In connection with this
distribution, note that the length L is virtually indepen-
dent of thewavelength A and islimited primarily by the
setup parameters. The function |f,|? of the focused axial
distribution reproduces the intensity profile FAR =
zsin2a) of the incident wave with a coefficient propor-
tional to z. Therefore, the axial distribution of theinten-
sity |fo? in the focused wave can be varied (in contrast
to the case of awaveguide) by changing the F2(R) pro-
file. In particular, for a rectangular F?(R) profile, the
[fol? function linearly increases to a maximum at the
point z~ L, whereas for the Gaussian profile, the max-
imum of |f,]?isreached at z= 1/2L.

In practice, it is technically difficult to change the
intensity profilein the incident wave. A more expedient
solution is to modify the reflecting surface shape and
replace the linear generatrix { = Rtana (o = const)
by that with variable angle a(R) for which ¢ =
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Fig. 2. The focusing efficiency B(z, r = 0) for F2 ~
e><p{—2(R/R0)2”} caculated for reflecting cones with
(1-3) linear generator [a =5° forn=1 (1), 5(2), « (3)] and
(4) with alogarithmic generatrix [0 = 5°, n = o].

J’Stana (RdR. A particular form of the (R, a) func-

tion naturally depends both on the F2(R) profile and on
the anticipated axial distribution |fy|?. For example, the
case of F2(R) = const and |f,|> = const correspondsto a
reflecting surface with the generatrix described at small
angles by the formula ¢ = ayRIN(RYR), where a, =

a(Ry).

Let us consider some possible variants of the axial
intensity distribution by the analyzing dependence of
the coefficient B(z, r = 0) on the F2(R) profile (repre-
sented by a Gaussian function F2 ~ exp[-2(R/R,)?"])
and the (R, a) shape. For the convenience of compar-
ison between [3 values corresponding to different n and
(R, a), the results will be related to the same quantity

J‘S F’(R, n)RJR proportional to the incident wave

power. Figure 2 shows the curves scaled on the plot by
maximum 3 = B(L, r = 0) corresponding to the rectan-
gular F?(R) profile (taken equal to 10).

Curves1-3inFig. 2 are constructed for alinear gen-
eratrix witha =5°andn=1, 5 (for n = o, the function
F2isindependent of R and represents arectangular dis-
tribution). Curve 4 corresponds to alogarithmic gener-
atrix with an angle ay(R,). This caseisillustrated only
for ay = 5° with n = o, because other n values lead to
the appearance of maximain thedistribution 3(z, r = 0),
the elimination of which falls outside the scope of this

paper.

The above considerations concerning the focusing
conditions referred to the case of a cone-shaped surface
with a base line (directrix) representing a circle. How-
ever, this base line may also be of any other shape. Let
us a consider the case of aspiral, R* = Ry(1 + mA), the
radius of which increases by an integer of wavelengths
with each turn. Upon reflection from such a cone with
a linear generatrix, the normal to the wave front will
rotate by a certain azimuthal angle ¢. As a result, the
radial transformation (dependent on krsin2a) will
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acquire an additive term [4] related to a change of the
wave phase m$. This will modify the boundary condi-
tion (5) to

fo(r,¢,z2=0) = F(R)exp[i(m¢$ —krsin2a)]. (8)

The new variant of Eq. (4) with the modified bound-
ary condition (8) has a solution that can be presented
(under the same conditions as above) in the following
form:

[Fo(r, 2, m)* = | f 2| Im(X)|%, )

where J.(X) is the mth order Bessal function of the
same argument X = krsin2a (6a), with the same axial
intensity distribution (7a). Accordingly, al the afore-
mentioned properties of the axial distribution are valid
for the spiral directrix of the reflecting cone. These
include (i) aflat wave front retained over the length L,
(i) the character of transformation (7a) of the radial
profile F(R) into longitudina fy(z2) with a linearly
increasing coefficient, and (iii) limitations (7b) on the
applicability of expressions at the boundaries of the
focal length.

At the same time, under otherwise equal conditions,
the radial distributions (7) and (9) are significantly dif-
ferent from each other. For illustration, Fig. 3 showsthe
distributions|f(r = 0, z= const)|? and |f,(m = 5)|? plotted
against a common scale |f(r = 0, z = const)[? for the
same functions F2(R) and parametersk, o, and z. Ascan
be seen from these profiles, the main intensity peak for
the straight circular cone occurs on the symmetry axis
and possesses a halfwidth of dx, = 2.1 and an external
diameter of 2x, = 4.8. For a cone with the spiral direc-
trix, the main maximum appears as aring with awidth
at half-maximum of &x; = 2.6; the circle of the maxi-
mum intensity has a diameter of 2x; = 12.8. From out-
side, thisring is bounded by the radius of the first zero
of the Bessdl function 2x,, = 17.2; inside the ring, the
field is virtually everywhere zero (the intensity rapidly
drops toward the axis, not exceeding 0.01 of the maxi-
mum at x < 4).

Over the focal length L, distributions (7) and (9)
look like filled and hollow cylinders, respectively.
Using the parameters of focusing determined above, we
obtain for these cylinders 2r, = 4.4 mm (halfwidthr, =
2 mm) and 2r,, = 16 mm (ring thickness rg ~ 2.4 mm).
In both cases, the focal lengthisL = 5.7 m.

Thus, the proposed focusing method creates a high-
intensity wave propagating in an effective waveguide
without material walls. Provided the initial intensity is
sufficiently high, this waveguide may lead to the devel-
opment of a shock wave (according to the Hugoniot
mechanism) from an ordinary wave. However, the
shock wave can be used as an initial acoustic pulse as
well, which would give rise to an axisymmetric Mach
reflection pattern at the z axis.

It should be emphasized that the above consider-
ations introduced no restrictions on the initial pressure
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Fig. 3. Radial intensity distributions in the focused beams: (a) |f(r)|2 given by Eq. (7); (b) [fe(r, m= 5)|2 given by Eq. (9).
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Abstract—Heterostructures of the CdF,:Er/CaF,/CaF,(111) type were grown by the method of molecular
beam epitaxy. Doping with erbium was performed, for the first timein materials of thistype, by subliming the
metal from an effusion cell immediately during the cadmium fluoride layer growth. A specia procedure of CaF,
substrate preparation for epitaxy was developed. Measurements of the lateral conductivity of the heterostruc-
tures by a two-point-probe technique showed that, depending on the dopant (erbium) concentration, the resis-
tivity ranges from 2.5 x 10° to 50 Q cm. © 2002 MAIK “ Nauka/Interperiodica” .

Despite similarity of the crystal structures of cad-
mium fluoride (CdF,) and akaline-earth metal fluo-
rides (such as CaF,, SrF,, and BaF,), the electronic
properties of CdF, strongly differ from those of the lat-
ter materials. Thisis explained by a specific feature of
CdF, possessing a significantly greater electron affinity
(above 3 €V) as compared to those of other fluorides,
wherethis parameter is about zero. Doped with most of
the trivalent impurities and annealed in cadmium
vapors, CdF, (initially, awide-bandgap semiconductor)
convertsinto an n-type semiconductor containing shal-
low donors with a binding energy of about 0.1 eV. The
room-temperature concentration of free electrons in
such amaterial reaches 4 x 10 cm3 [1].

Another attractive feature of CdF, crystals is the
intensive luminescence observed in bulk crystals doped
with rare-earth ions. Depending on the impurity, the
radiation wavelength may change from infrared to
ultraviolet regions. The effective luminescence, in com-
bination with high concentrations of free electrons
make, cadmium fluoride an attractive material for elec-
troluminescent devices. Since the optical transparency
of these crystals ranges from near ultraviolet to the
mid-IR region, the impurity electroluminescence may,
in principle, also cover this spectral range.

Previoudly [2], it was demonstrated that the epitax-
ial layers of cadmium fluoride possessing sufficiently
high conductivity can be obtained by low-temperature
epitaxy and simultaneous doping with erbium from a
beam of ErF;, followed by high-temperature annealing
in cadmium vapors. However, this method has certain
disadvantages: insufficient reproducibility of the
results, relatively severe thermochemical conditions of
dopant activation, and rather complicated procedure. In
connection with this, we have developed an alternative

DBased on this publication is the RF Patent Application
no. 2001127031 of 04.10.2001.

method for obtai ning conducting cadmium fluoride lay-
ers. The proposed technology, based on the epitaxial
layer doping with abeam of erbium atoms, isfree of the
aforementioned disadvantages.

Taking into account that cadmium fluoride films
have to be grown in a broad range of temperatures and
that this material cannot be grown directly on silicon
(because cadmium fluoride reacts with silicon at high
temperatures), we employed calcium fluoride sub-
strates. Calcium fluoride (CaF,) is a traditional optical
material which is still rarely applied in electronics. For
this reason, no thoroughly elaborated procedures for
preparing substrates for epitaxial film growth (such as
those developed, eg., for silicon) were known for
CaF,. One of the most important problems was to
ensure a sufficiently small height of the surface relief,
since a 100-nm (0.1-um) relief (insignificant in most
optical applications) would strongly influence the epi-
taxial film growth on the substrate surface. The average
thickness of CdF, films grown in our experiments was
200400 nm. In order to provide for reliable conductiv-
ity measurements, the surface relief has to be lower by
at least one order of magnitude.

We have elaborated the following five-step proce-
dure of CaF, substrate preparation:

1. Fine mechanical polishing with the application of
special resin compositions.

2. Washing in boiling toluene.

3. Deposition of atitanium or zirconium film on the
rear side of a substrate to provide for the possibility of
radiation heating.

4, Polishing with asoft cloth in aconcentrated NH,F
solution for 3-5 min.

5. Rinsing in deionized water.

After accomplishing these operations, the find sur-
face relief height was within 5-15 nm, which was quite
acceptable for the subsequent process stages. Doped cal-
cium fluoride layers with a thickness of 200-400 nm

1063-7850/02/2803-0250$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Typical AFM images of the surface topography of a CaF, substrate (a) after polishing by the proposed method and (b) after depos-

iting a CaF, buffer layer.

were grown over arelatively thin (below 100 nm) buffer
cadmium fluoride layer deposited onto a freshly pre-
pared CaF, crystal substrate. Images of a CaF, substrate
surface studied with the aid of an atomic force micro-
scope (AFM) after the above-described preparation
procedure and after deposition of the buffer CaF, layer
are presented in the figure. As can be seen from these
AFM images (revealing monoatomic steps), the buffer
layer surface is sufficiently smooth for the subsequent
epitaxial layer growth.

The CdF,:Er/CaF,/CaF,(111) heterostructures were
prepared by molecular beam epitaxy (MBE). The epi-
taxial layers were grown with an average rate of
3 nm/min at asubstrate temperature from 300 to 600°C.
The experimental MBE procedure was described in
more detail elsewhere[3].

In order to obtain conducting CdF, films, the grow-
ing layer was doped with erbium. In one series of
experiments, we employed a doping beam of ErF; mol-
ecules, and in the other series, abeam of Er atoms. The
dopant was supplied from a separate source and intro-
duced immediately in the course of the CdF, layer
growth. To our knowledge, thisisthefirst application of
the given doping technique to the materials employed
(CdF, layers, Er dopant). The final concentration of
erbium in the epitaxia layers was determined by elec-
tron probe microanalysis (CAMEBAX microprobe).

The lateral conductivity of the epitaxial structures
was measured by a two-point-probe method using
indium contacts deposited onto the sample surface
through a mask. Preliminary measurements confirmed
linearity of the current—voltage characteristics of the
ohmic contacts.

According to the electron probe microanalysis data,
the concentration of erbium in the MBE grown epitax-
ial layers varied from 0.5 to 2.5 mol % (e.g., 1.5 and
1.0 mol % Er in samples 1552 and 1553, respectively).
In addition, we have studied control structure free of

TECHNICAL PHYSICS LETTERS Vol. 28 No. 3

2002

erbium. Data on some of the samples studied in the
course of this study are summarized in the table.

An analysis of data for the CdF,:Er layers grown at
various temperatures and doped with erbium using a
beam of ErF; molecules shows that the resistivity of
samples grown at relatively high temperatures is rela
tively large. However, as the temperature increases fur-
ther, the resistivity drops (in agreement with the results
obtained in [2]).

As can be also seen from data in the table, the con-
ductivity of structures doped with erbium atoms sub-
limed from ametal source increases without additional
increase in the growth temperature (in contrast to the
case of doping from an ErF; source). This is a very
important result achieved due to the new method of
cadmium fluoride doping with erbium. This allows us
to suggest that conducting CdF, layers can be grown at
low temperatures (on the order of 100°C) without high-
temperature annealing, which is important for the cre-
ation of novel silicon-based planar device structures.

MBE growth regimes and properties of a series of
CdF,:Er/CaF,/CaF,(111) samples

Sample |Growthtem-| CdF, layer | Doping | Resistivity,
no. |perature, °C|thickness, nm| beam Qcm
1534 340 330 ErF; | 24x10°
1531 500 330 ErF; | 6.5x 10
1530 600 330 ErF; | 6.0x10°
1519 400 330 Er 9.0 x 10*
1521 500 330 Er 9.0 x 10*
1526 600 330 Er 5.0x 10°
1552 500 390 Er 1.4 x 10°
1553 300 315 Er 6.8 x 10t
1554 300 315 - 1.0 x 107
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The results obtained can be explained within the
framework of the following model. Supplied with an
ErF; beam, erbium atoms incorporate into the growing
crystal structure as a substitution impurity replacing
cadmium atoms. The overal electroneutrality is
ensured by interstitial fluorine atoms. In the course of
annealing, the interstitial ions diffuse away from
erbium ions. Thisresultsin the formation of aregion of
uncompensated positive charge at the erbium incorpo-
ration sites, representing a Coulomb attraction center.
This center attracts electrons (e.g., from the substrate)
required to provide for electroneutrality of the system.
Owing to the anomalously high electron affinity of cad-
mium, the attracted el ectrons are shared between 12 Cd
atoms (nearest neighbors of the rare-earth dopant)
rather than localized on the vacant f-orbital of erbium
(as would be the case in CaF, layers doped with the
same rare-earth impurity). The binding energy of such
an electron is about 0.1 eV (in silicon, the analogous
binding energy is about 0.05 eV). This value is suffi-
ciently small to allow the electron to leave Er ion and
participate in the conductivity even at room temperature.

A similar mechanism is operative in the case of
CdF, doped with erbium from a metal source, except
that no increasein temperatureisrequired to tear off the
interstitial fluorine atom: the charge is immediately
compensated due to a free electron captured by the
incorporated erbium atom.

TECHNICAL PHYSICS LETTERS  Vol. 28

KAVEEYV et al.

Thus, we have developed a method for preparing
CaF, substrates with a surface suited to epitaxial film
growth. Using these substrates, we obtained conducting
CdF, layers doped immediately during the epitaxial
growth with erbium sublimed from an effusion cell.
These erbium-doped CdF, layers possess a minimum
resistivity of 50-100 Q cm. Thisisthefirst application
of the given doping technigue to epitaxial cadmium flu-
oride layers and metallic erbium.
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Abstract—Based on the new experimentally justified notions about the interrelation and mutual influence of
various physical fields and the vortex character of the electromagnetic field, the driving force is explained and
amechanism is proposed of the onset of turbulence, whereby avortex motion arises*from nothing” in ahydro-
dynamic flow. Equations describing the vortex formation process are derived, and the possible scenarios of the
turbulence devel opment are outlined. © 2002 MAIK “ Nauka/Interperiodica” .

In investigations of turbulence, much effort is
devoted to astage referred to asintermixing [1, 2]. This
stage has been described within the framework of vari-
ous scenarios of chaotization of the medium flow,
which are realized by different mechanisms such asthe
period doubling, passage viaintermittency, and strange
attractors. However, the very possibility that such sce-
narios and mechanisms can be realized in nature needs
physical justification. In connection with this (and with
some other circumstances [3]), the question as to what
are the primary reasons and mechanisms of the turbu-
lence onset is still open [1].

The problem can be briefly formulated as follows:
for what reason and by which mechanism the initialy
potentia flow (curlv = 0) with alinear velocity profile
givesrise, in the course of a smooth and slow increase
inthe flow rate, to the vortex (rotational) motions of the
medium suddenly appearing as if “from nothing” and
determining the onset of turbulence. Note that no inter-
mixing of the particles of the medium in the flow would
take place without the vortex motion (various types of
fluctuations are not considered). Therefore, it isthe vor-
tex motion that serves as a trigger for the intermixing
and leads in fact to the onset of turbulence. Equations,
the solution to which would answer the above question,
will also describe mechanisms of the vortex evolution
leading to the intermixing stage. Thus, the evolution
scenarios must be contained in the initial equations;
that is, these equations must be physically justified.

A solution to the problem of vortex nucleation is
based on a two-field description of physical phenom-
ena. In this case, one of the two is the electromagnetic
(EM) field and the other isthe hydrodynamic (HD) field
(medium flow). It will be assumed that elementary par-
ticles (atoms, molecules, and other species) are partly
or completely formed of physical matter of EM nature
(i.e., matter constituting the EM field). In this case, the
combinations of atoms, molecules, etc. into various
macroscopic species in the medium and constituting
the hydrodynamic flow will possess acommon material
base through which the EM and HD fields (usually con-
sidered as dissimilar physical entities) can be interre-

lated to experience mutual influence [4]. The existence
of interactions between EM and HD (or analogous)
fields is confirmed by well-known experiments that
date back to Fizeau (ether drag) and Lebedev (light
pressure) investigations.

By virtue of the aforementioned properties of the
EM and HD fields, motion in one of these will lead to a
weak response in the other, as manifested by a partial
mutual drag of these fields. Within the framework of
Maxwell thermodynamics [5], the motion of particles
in the medium flow unavoidably leads to the appear-
ance, among the other, of the vortex EM fields and,
hence, to the development of vortex motion. Thus, from
this standpoint, the primary reason for the appearance
of hydrodynamic vortices is the relation between EM
and HD fields and the vortex character of the EM mat-
ter's response to the medium motion. In real flows, the
EM fields may also arise due to electrization of the
medium, relative motion of layers, wall friction, etc.,
but this circumstance does not alter (owing to the iden-
tical nature of these fields) the essence of the problem
under consideration.

Below we will assume that the medium is electri-
cally neutral, viscous, and compressible and consider a
medium flow with alinear velocity profile. Solving the
problem of vortex nucleation in the flow is based on
application of the least action principle to the coexist-
ing EM and HD fields. According to this principle, the
energy—momentum tensor of these fields satisfies the
condition dT'K/oxk = 0. In athree-dimensional form, this
yields

10S 1

0 2
OwW + C—Za + C—z[a(WV) + eX(WVX)

re,(wv?) + ez(wvi)} +OP+R=0; ()

ow , . de —
En +divS+ T + (v)w +wdivv = 0,
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= 1[0 9
R = Cg%ﬁx[ay(wvx\/y) + aZ(vavz)i|

d 0
+ ey[&(wvxvy) + a_Z(WVXVZ):|
d 0 [l
+ ez[&(wvyvz) + a—y(wvyvz)} %

iD

—4HD[ (E+ H) + S (EE,+ H,H)

0 0,2 2
+ c?_z(Esz+ Htz)i| + ey[a/(Ey + Hy)
+ L (EE +HH,)+Z(EE,+H H,) |
aX X=y X y az y=z y Z.

0 0
+ef SEL+HD) + S (EE,+ HH)

9 0
+ 5B HyHZ)}E

where e and w are the energy density and enthalpy per
unit volume of the medium flow; S and W are the Poynt-
ing vector and the energy density of the EM field; and ¢
is the speed of light (the other notationsareasin[1, 5]).

L et us assume that the medium flows at avelocity v,
parallel to the OX axis (v, 11 OX), and let the flow
(albeit laminar) be close to atransition from laminar to
turbulent state, so that asmall (otherwise arbitrary) per-
turbation of the flow velocity at the “entrance”
(0V(0,t) = v, (0, 1), v,, v, = 0) would create sepa-
rate spatially localized vortices in the initially laminar
flow. In this formulation, the problem can be solved by
the method of sequential approximations. In the first
approximation, the flow is laminar: the momenta and
forces appearing (due to interrelation of the EM and
HD fields) asaresult of theinitial velocity perturbation

v, (0, t) create vortex flows in the EM field and other

motions directed mostly along the medium flow. A
pulsed action of the EM field on the medium will lead
to analogous motions in the medium, in particular, to
HD vortex nucleation (this stage is described in the sec-
ond approximation). The HD vortices will give rise to
EM vorticeswith aspatial orientation different fromthe
initial one. The resulting HD vortices will be also ori-
ented differently as compared to the preceding onesand
so on. The third approximation reveals the role of EM
and HD wave fields (negligibly small in the second
approximation) and their scattering. Not dwelling here
on description of the subsequent stages of turbulence
evolution, we must only point out that the main types of
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sources operative at all stages, including developed tur-
bulence, are already described by the solutions
obtained in the first two or three approximations.

Let us restrict the consideration to the first two
approximations. Denoting the “perturbed” quantities
with a prime mark, introducing the medium viscosity,
and assuming all changes induced by the perturbation
to be adiabatic, we obtain from (1) the following sys-
tem of equations for the first approximation:

1266?+L +f' +ec
e ]
2
ow , de ovy ow' _ .. L2
5t +divS' + at+W°6 5% = 0; P +p'cy;

where f, = nAv' + (£ + n/3)0divv'; L' isthe termin
second bracesin Eq. (1) for R written in increments; and
C is the sound velacity in the medium. Equations (2)
can be reduced to the following form:

20 [V« _ |, 0V 1k, 40
PoC ax[Dat Vox D Do % 30 AV} -
_ 0°W' 6D , .
= vOatax S/ 0-— d|vS c’divL'.

Ascan be seen from Eq. (3), the influence of viscos-
ity at asmall flow velocity v, isinsignificant (even for
a viscous liquid such as glycerol) and, hence, can be
ignored (athough taking this factor into account
encounters no significant difficulties). Assuming
“smallness’ of the spatiotemporal variationsin the EM
fields and HD flows in the initial stage and using the

boundary condition v, = v, (0, t) at x = 0, we obtain
the following relationship from Eq. (3):

Vi(x,t) = vi(0, t) - =
2P0 @
PW .0 . o . W .
[at atd|vS VOEB X + curl,curlS + A }

where x = —vt. Thus, according to formula (4), any
change in the flow rate at the entrance is accompanied
by the transfer of momentum from the medium to the
EM field and by the appearance of predominantly vor-
tex energy fluxes linearly (in velocity v, coordinate x,
and time t) growing in the flow direction. Note that a
solution analogous to (4) aso exists in an incompress-
ible medium.
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By the same token, equations of the second approx-
imation can be reduced to the following:

[0 W' N 0 oM
bt~ Vgt gr T VS PoC [D)t+v06>@dIV\(/5)

+ div%

where f(t) = vgvL (0, t)[1 — (X — 3/2vCa] +

(2c4) "ML = VvoCo)tV. (0, t). Under the same restric-
tions and conditions as those involved in the first
approximation, the solution to Eqg. (5) can be presented
in the following form convenient for analysis:

oW

_vAv —olofr] = f@ —y Q0w
VoAV —pg be} O - vosHits:

Votx{[2+ (Po vo)_lr] xA] curl  curlv"

~[1=(poVvo) "Nyl curl curlv" ©
—[1—(poVe) nzA] curl curlv" — (pove)

X (3& +4n)divv"} = 6f(t)[v,(0,t)—Vv,].

It should be noted that an alternative form of three
equations (for each curl component in (6)) has an
approximate analytical solution.

An analysis of Eq. (6) reveal s the mechanism of HD
vortex formation. In particular, it is seen that the EM
vorticity sources actually generate vortex flows in the
medium, which are proportional (as those in the first
approximation) to v, X, and t values. However, therole
of viscosity in this case is essentialy different. Divid-
ing both parts of (6) by (vgtx), we arrive at the conclu-
sion that the viscosity n determines (via products
involving the coordinates x, y, z and the operator A) the
gpatial scales and changes in the gradient structure of
vortices. The vortex motion (curl,curlv") weakens as a
result of the appearance of the vortex components
(curlycurlv”, curl curlv") decreasing as a result of the
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viscosity-related growth of the vorticity regions. The
new sources appear as aresult of interaction of the EM
fields with the entrance perturbations, the latter essen-
tialy determining the character of the fields (including
vortex formation). Subsequently, HD vortices induce
the appearance of EM vortices and new HD vortices
with spatial orientation different from that of the previ-
ously existing HD vortices. The buildup of the process
of vortex formation leads to intermixing of the medium
flow, that is, to the onset of turbidity. A more detailed
and precise description of the nucleation and devel op-
ment of vortices can be obtained by numerically solv-
ing Egs. (3) and (5).

There are grounds to believe that the phenomenon
of turbulence transcends hydrogasodynamic notions,
being an initial and genera property of al physical
matter. In particular, turbulence is inherent in the cos-
mos (and objects on a similar scale), as well asin bio-
logical, social, and other systems, which implies that
turbulence problems can be studied within the frame-
work of acommon approach.
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Abstract—It istheoretically and experimentally demonstrated that diffraction of afundamental Gaussian beam
at the edge of adielectric wedge leads to the formation of achain of optical vortices in the far wave zone. The
conditions of phase synchronism are established under which asingle optical vortex possessing the ideal shape
isgenerated. A special mathematical approach is developed for description of the character of vortex distortion,
which is analogous to the Jones column vector formalism used to describe the polarization of light. It isfound
that the plots of the degree of vortex ellipticity versus wedge angle and Gaussian beam waist radius exhibit pro-
nounced peaks corresponding to the phase synchronism. The experimental and theoretical results are compared.
The experimentally observed vortex dlipticity Q = 0.93 at a diffraction efficiency of 0.98 is evidence that the
proposed method has good prospects for implementation in real fiber-optic sensors of physical parameters
employing optical vortices. © 2002 MAIK “ Nauka/Interperiodica’ .

The problem of using optical vorticesin high-sensi-
tivity transducers and other optical devicesimpliesthe
development of effective means of generating singular
beams. There are at |east two methods providing for the
generation of beams with a phase singularity of the
purely screw dislocation (or the optical vortex) type[1].
The first method, referred to as the intracavity optical
vortex generation, is based on the introduction of selec-
tive losses of a certain type into the laser cavity. This
leads to separation of, for example, a toroidal (dough-
nut) mode with a left- or right-hand helicoidal wave-
front from the TEM,; mode [2]. The second method
employs diffraction of a fundamental Gaussian beam
on a computer-synthesized hologram [3]. Using the
first method, it is possible to obtain singular beams of
almost any intensity, but the beam quality significantly
depends on the cavity adjustment. An essentially singu-
lar beam of an ideal shape is obtained only at the gen-
eration threshold and, hence, is highly unstable. The
second method allows a stable singular beam of virtu-
ally ideal shapeto be obtained, but at a diffraction effi-
ciency not exceeding 1-3%.

Recently, it was experimentally [4] and theoretically
[5, 6] demonstrated that single optical vortices can be
generated by means of diffraction of a Gaussian beam
on adielectric wedge.

The physical mechanism of the optical vortex for-
mation during diffraction of a Gaussian beam on a
dielectric wedgeis quite ssimple. Consider such abeam
incident onto the surface of a transparent dielectric
wedge so that one-half of the beam travels in the free
space, while the other half propagates in the wedge
materia (Fig. 1a). Then, the diffraction of light at the
edge of the half-plane leads to the formation of diffrac-
tion minima parallel to the boundary. Since the second

wave (passing through the wedge) dightly deviates
from the primary beam’s initial direction, the two
beams (direct and declined) exhibit interference. The
interference minima occur in the bisectrix plane of the
angle between the beams, so that the lines of interfer-
ence and diffraction nodes are mutually perpendicular.
Provided there is a phase shift multiple of 172 between
the diffraction and interference fields in the vicinity of
the point of intersection of these nodal lines, an optical
vortex will be formed by the typical scheme [3]:
TEM +iTEMY O TEME, where superscripts in
the left-hand part indicate directions of the nodal lines;
the subscript in the right-hand part indicates the topo-
logical charge of the optical vortex. However, the field
can be significantly distorted at a large distance from
the singularity point. Moreover, a mismatch between
parameters of the optical wedge and the primary Gauss-
ian beam may lead to a breakdown of the optical vortex.

Here we report on the results of experimental and
theoretical investigation of the formation of a single
optical vortex during the diffraction of a fundamental
Gaussian beam at the edge of a dielectric wedge.

Theoretical analysis. Consider a Gaussian beam
with the wave function

2

1 r
Wy(r,z) = ex [ } 1
OO( ) O.(Z) p pzlo_(z)lz ( )
2
(r=Jx+y? o= 1—i250, Zy = k% is the Rayleigh
length, k = 2711 A is the wavelength in vacuum, ap is

the beam waist radius in the z = 0 plane) normally inci-
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(a) X
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(b)

Fig. 1. Gaussian beam diffraction at the optical wedge boundary: (a) laser beam spot positioning on the wedge surface (1, laser beam
cross section; 2, glass plate); (b) schematic diagram of the optical wedge geometry; (c) the chain of optical vortices formed in the
far wave diffraction zone theoretically calculated by Eq. (2) for p =5 mm and n,, = 1.5; (d) experimental pattern; (€) asingle vortex

pattern theoretically calculated for the phase synchronism conditions (p = 1.05 x 104 m, o =4.95 x 10~ 3); (f) experimental pattern.

dent on the base of an optical wedge (Figs. 1laand 1b);
the wedge angleis a, and the index of refractionisn,,.
The Gaussian beam propagates so that one half of the
beam travels in the free space while the other half
passes through the wedge material.

Let us consider the paraxial beam diffractioninafar
wave zone. Using the Kirchhoff integral [7] (the trans-
formations are omitted), the wave function of the dif-
fracted beam can be presented in the following form:

where A = (n, — 1) tana, w? = p?|lof, [ = arctanz—z0 is

the Gouy phase, erf(u) = % Jﬁ exp(—¢?)dc isthe prob-
Tt

ability integral, exp(ikh) =a+ib,a®?+b’=1,and his
the wedge base width.

In the general case, expression (2) describesachain
of optical vortices (Fig. 1c). The deformation of each
vortex depends both on the wedge angle and on the
beam waist radius p on the wedge surface. In order to
describe the vortex distortion, let us expand the wave

. 2
_im z : X +y°
WY(xy,2) = ﬂ@e)(p[_z'r] exp[— W } function (2) into series in the vicinity of the point x =
y = 0 and restrict the analysis to the linear terms:
O . - : O . ,
xDexp[—lAM}exp(lkh) 2 Y Dl+(a+|b)B+(a+|b)BAk20¥
, ©)
AJikx Jikx 10 - ovXE, 0, 170
X erfc[—} + erfc[— } 0 +c/kz[i + B(b—ia)] = exp=2 ,
270 J2zoln Sz, zg U g
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Fig. 2. Optical vortex characteristics: (a) vortex ellipticity Q (rel. units) versus beam waist radius p x 10* mfor variouswedge angles

o =0.003 (1), 0.002 (2), 0.0017 (3); (b) the plot of Q versus dimensionless parameter X =

Ny—1

kptana calculated for various

values of the wedge base width parameter a = cos(kh) = 1 (1), 0.95 (2), 0.8 (3),0.5 (4), 0.2 (5); (c) the plot of azimuthal angle Y (in
radian) versus p x 10* m for a = 0.002 and a = 0.95; (d) the curve of Q versus p x 10* m calculated for a = 0.002, compared to the

experimental data (points).

where B = exp(A%kz,) and ¢ = ﬁ . By shifting coordi-

nates, this equation can be transformed to
W Dc Rz[bB +i(1-aB)) X + (a+ ib)kzOAB% (4
An equivalent representation is

WO (xy)3d = (x'wﬁgiﬁ
y

106 /kz;[bB +i(1-aB)|]
Z0  kz,AB(l1+ib) O

©)
= (xy)

where the column vector of the vortex state (analogous
to the Jones vector describing the polarization of light
[8]) iscomposed of the complex amplitudes at the coor-
dinatesx and y.

TECHNICAL PHYSICS LETTERS  Vol. 28

The ideal optical vortex corresponds to a column
vector of the following type:

5= Da1+ib1+]
b, —ia”

Thisleads to the relationship

p, +ial

2 ~ ~ ~
ﬁ[l—exp(—xz)] = Xexp(-X?),
where
X = ,/kzyA=0.8525.

Using these equations, we determine the conditions of
formation of the ideal single vortex with a column vec-

L
J2

of the topological charge of the vortex:

1
torJ= EI_E , Wheretheterm (x) determinesthe sign
+i
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_ _08525,/2 A
m(n,—1)tana 2’ (6)

b=0,h=mA iIm=1,23,...).

Expressions (6) can be considered as the condition
of phase synchronism for the optical vortex. Figure 1e
shows the light-intensity distribution calculated using
Eq. (2) with an allowance for the synchronism condi-
tions (6). This pattern amost coincides with theintensity
distribution in the ideal vortex obtained upon the light
diffraction on a computer-synthesized hologram [3],
provided that the radius does not exceed that corre-
sponding to the maximum intensity.

For an analysis of the evolution of the single optical
vortex, let us consider elements of the column vector (5)
and construct the Stokes parameters [8]:

a=1,

S = |97 +]9)° + B(c® + X?) + c*(1-2aB),

S, = [94°-]9,]> + B*(c® - X°) + (1 - 2aB),

. ()
S, = $,95 + 919, = 2cbXB,

S, = i($,9% —9,9y) = 2cXB(a-B).

The dlipticity Q of the equal intensity lines and the
azimuthal slope angle  of the semimajor axis can be
determined from the relationships

sin28 = S,Q = tanf = i‘%‘,

S, 2chXB
tan2y = = = :
S Bc®- X% +c’(1-2aB)

Figures 2a—2c show the plots of dllipticity Q and the
azimuthal angle Y versus the Gaussian beam waist
radius p and the wedge angle a. A sharp peak in the Q
curves corresponds to the values of radius p and angle
o obeying the phase synchronism condition (6). The
peak height is determined by the wedge base width: the
maximum value Q = 1 correspondstoa =1, whileeven
small deviations from this value lead to a sharp drop
inQ.

Experiment. The diffraction process described
above was experimentally observed by exposing a
microscope glass (GOST 6672-59 type) with a plate
size of 24 x 24 or 18 x 18 mm to the beam of aHe-Ne
laser operating at awavelength of a? + b?= 1. Thebeam
waist radius p on the transparency was controlled with
the aid of a centered lens system and a diaphragm. The
results were monitored with a CCD camera and pro-
cessed on a computer. The transparency was mounted
on a specia optical table equipped with a micrometric
drive in the transverse direction precise to within not
less than 0.5 um. Selecting a microscope glass as the
transparency was related to the fact that the surface of
such plates is usually dlightly corrugated. Additional

(8)
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diffraction investigations showed that the corrugation
period was about 3.5 mm. This circumstance alowed
certain areas of such a plate to be used as the optical
wedge.

Figure 1c shows the pattern of the light-intensity
distribution in the far wave zone of diffraction for the
transparency exposed to awide beamwith p =5 mm. It
was possibleto separate asingle optical vortex from the
chain of vortices, provided that thewaist radiuswasp =
0.2 mm. The maximum €llipticity of such avortex was
Q =0.93 (Fig. 1f), which israther close to the theoreti-
cal limit. Unfortunately, even small shifts of the trans-
parency (by lessthan 2 um) deteriorated the phase syn-
chronism conditions as aresult of the wedge base vari-
ations, which resulted in a sharp drop in the dlipticity.

Figure 1d presents the experimental results for the
vortex shape dllipticity changing in response to the
beam waist radius variation. As can be seen, the exper-
imental points exhibit a very strong scatter around the
theoretical curve, reproducing only qualitatively the
Q(p) function. This is probably explained by uncer-
tainty in the beam axis position in the course of varia-
tion of the beam waist radius.

The above results show that the optical wedge tech-
nigque offers good prospects for the generation of opti-
cal vorticesin optical devices.
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