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Changes in the temperature and dose dependende¥ aharacteristics and of the critical
currentj. of YBaCuO films on MgO and SrTiQsubstrates under neutron irradiation has been
studied at 25—-80 K. The transport properties of YBaCuO films on Mg®) and SrTiQ

(S substrates were found to behave differently. It is shown that the M1 films have granular
structure, and their transport properties were considered within the concept of percolation

over weak intergranular links. The S1 are single-crystal films, and their properties are analyzed
within a resistive-state theory associated with thermal activation of Abrikosov vortices. It

is shown that the degradation rate of the critical temperalyref S1 films is 3.5 times smaller
than that of the M1 films. The dose dependencg.dfias an exponential charactgg,

=j.(0) exp kd), wherek is related to the number of displaced atoms per neutron and is the
same for the M1 and S1 films, irrespective of the irradiation temperature. The pinning

energy has been derived from thé&/ characteristics and it has been found thatth&T ratio

lies within 20—25 and is independent of neutron flux. It is shown that the radiation-

induced disorder changes the pinning mechanism, from pinning at the boundaries of misoriented
crystals to that at spatial inhomogeneities, apparently radiation induced.998 American

Institute of Physics.S1063-783108)00111-7

The current-carrying ability and magnetic properties ofnisms of formation and development of the resistive state in
HTSC materials are known to be governed by interaction oHTSC materials and the factors responsible for the behavior
magnetic flux vortices with crystal defects, acting as pinningand magnitude of., one should carry out studies in the
centers. Introduction of pinning centers to increase the criticonditions where one of the mechanisms is dominant. Such
cal current density of HTSC materials is usually done byconditions can be realized by investigatipgand the mag-
texturing. At the same time the desired pinning-center connetic properties under irradiation by neutrons at temperatures
centration can be reached with a high accuracy by irradiatingpw enough to reduce the thermally activated processes to a
a material with neutrons, protons, or ions. The extended pinminimum. We use for this purpose the low-temperature he-
ning centers formed in this way exceed in dimensions thdium circuit developed and bultf at the WWR-M reactor at
coherence lengtti and have therefore a strong pinning force, the PNPI RAS. The helium circuit permits one to carry out
which is capable of affecting the critical current dengity ~ experiments over a broad range of temperat(28s-300 K
The dependence on pinning centers of the current-carryingnd neutron fluxegup to 16° cm™2).
ability and magnetic properties of HTSC materials permits
one to change deliberately the weak link system by irradiat-
ing the sample and, in this way, by controlling the degree of, cypERIMENTAL TECHNIQUES
disorder in the material through introduction of defects of
various types and concentrations, and to study in detail the The studies of . were performed on YBaCuO films pre-
mechanisms governing the behaviorjgf and the nature of pared by magnetron sputtering on substrates of M)
the highT. superconductivity. and SrTiQ (S1) with the ¢ axis normal to the substratélhe

The dependence ¢f on temperature and the magnitude film thicknessd~0.2um. The |-V characteristics and the
and direction of an external magnetic field is presently anatemperature dependence of resistaRdd’) were measured
lyzed by considering the superconductor as consisting of &y the dc four-probe technique on bridges of width
system of grains weakly linked with one another throughw=100um and length =2 mm patterned by photolithog-
Josephson junctions. The onset of resistance in such a systeaphy. The contacts were prepared by vacuum deposition of
is caused by destruction of the weak links by external magsilver or gold on the M1 and S1 films, respectively. The
netic field. The resistive state can form also through thermatontact resistance did not exceed O5The M1 films had
decoupling of Abrikosov vortices from the pinning centersT,=84 K, AT.=4 K, j.=10° A/cm?, and the S1 films]T,
and their viscous flow. Therefore in order to learn the mecha=91 K, AT,=1 K, j.=5%x10" A/lcm? at 20 K. The films
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were studied in the low-temperature helium circuit of thedescribed by Eq(1) were observed experimentally in both
WWR-M reactor of PNPKRef. 1) in a fast neutron flux  ceramic HTSC samplésnd in granular filmg,with param-
>0.1 MeV) ~1x10"% cm 2 st up to fluxesb~5x10'®  etern varying within a broad range<tn<4. Fitting Eq.(1)
cm 2 at temperatures of 25—-300 K. TheV characteristics to thel-V characteristic of an unirradiated M1 film showed
were measured at a temperature maintained to wittnl  that this relation approximates the initial portions of the char-
K. The magnetic field was normal to the film plat@ong  acteristic fairly well. The temperature dependenceg.@nd

of parametem obtained from a fit of Eq(1) are shown in
Fig. 2. Exponenn, which was found to be somewhat larger
(~7) than those quoted in other pap@fsjecreases as one

. o _ approached ..
A. Transport properties of irradiated YBaCuO films It is known that the temperature dependence of the criti-

the ¢ axis).

2. EXPERIMENTAL RESULTS AND DISCUSSION

1) Films on MgO substrates

Figure 1 present® (j.) plots obtained on unirradiated
M1 films at different temperatures. The pattern of B§j ;)
relation suggests that the M1 films are granular, and that
their transport properties are governed by weak intergranular 45
links making up a Josephson-junction array. Energy dissipa-
tion (and, hence, active resistanée such a Josephson me-
dium sets in when the currents through the intergranular
links exceed their critical values, with the grains themselves
remaining superconducting. An analysis of the percolative NE 10
path through a disordered three-dimensional array of super- =<
conductors with different local critical currents characteriz- © |
ing the intergranular weak linkgnade under the assumption x?
of their uniform distribution yielded the following expres- 9
sion for thel-V characteristic in the case of low voltagés

V=(j—jd" (o
wherej is the current density, and exponent 1 depends on
the dimension of the system and the type of the weak links, 0 .
as well as on the temperature and external magnetic field. As 77 78 79 80
the temperature and magnetic field increase, parameter K
creases and approaCheS the Ohmic valeel. A similar FIG. 2. Temperature dependence of critical-current density and exponent

eXpr?SSion for theé-V CharaCteriSﬁC in the vicinity of WaS  (in the insetin Eq. (1) for an M1 film. j . was derived from a fit of the-V
obtained also by computer simulatidri-V characteristics curve to Eq.(d).

1
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ol the coherence length yields j.~3x10" Alcm?® for
w=100um, d=0.2um, \=10° A, and ¢€=20 A, which
agrees in order of magnitude with experimental data. The
values ofj . andJ (w/2) thus obtained permit one actually to
relate the mechanism of destruction by a superconductivity
current in grains to the onset of kinetic depairing at the film
edge!! All this made possible application to the analysis of
|-V characteristics of single-crystal films S1 the continuous-
medium model2 which attributes the resistive state to ther-
mal decoupling of Abrikosov vortices. Within this model,
the field induced by a vortex pinned at a center is written

Joo A/m..z

E~r l=woexd —(U—aj)/kT], 3

wherer 1 is the time a vortex remains pinned at the center,
K wg is the characteristic vibrational frequency of flux lineks,

0:5 0.8 '1 2 4 is the pinning activation energy, ard is the work done by
.-T,K the vortex acted upon by the Lorentz force at a current den-
sity j. In a general case, one has to consider a more detailed
FIG. 3. Temperature dependence of critical-current density of an unirradi{ _.\/ model including a crossover from occasional depinnings

ated M1 film (plotted to test Eq(2)); x=3.3,T;=80.7 K. Inset:R (T)

relation in the region of the transition. of the vortex to its practically free flow under the action of

the Lorentz force. Taking into account the possibility of vor-
tex repinning by the center, we obtain for thieV

. A ,_characteristit*
cal current in a Josephson-junction system can be described

by a relation of the type
ch(Tc_T)X . (2)

Parameterx is governed by the actual weak-link type wherev is the vortex velocity, an®= uqH is the external
(S—1-S, S—N-S, S—-N-I-N-3SFor instance, Ambegaokar- magnetic field, which is assumed to penetrate throughout the
Baratoff theory yieldsx=1 for a S—I-Scontact system. For film. In the limit where the vortex pinning time exceeds the

an S—-N-Stype system a relation similar t@) with x=2  drift time 7, (r,<7), and for not too weak currents

was obtained.In most experiments, relatiof®) is found to  (j>kT/«), the I-V characteristics follow an exponential
describe appropriately the temperature dependence of thghaviot?

critical current in YBaCuO systems. At the same time some

of the quoted figures fok, e.g.x=3.5 (Ref. 10, are in E=Bwohexd —(U—aj)/kT]=Buw,, 6)
excess of the values predicted by theory $6tl-S, S—N-S,
S—N-I-N-S+ype contacts, which may be due to a more : .
complex structure of the intergranular links not included inEq' (5) do not depend of. In applying Eq.(5) to descrip-

theoretical models(for example, an asymmetry between tion of the |-V characteristic we assume the existence of

N—I-N layers. In our case the temperature dependence Ofnagnetic fields weal_< enoggh to ju_stify neglect of_cqope_ra-
the critical current for the M1 filn{Fig. 3 is likewise fitted tive effects and consideration of a single vortex. This implies

well by relation(2), but at the same time the value=3.3 that the critical current practically does not vary with the

exceeds those predicted by the above models. The criticngEId' and argues for the validity of the independent-vortex

temperatureT . calculated from Eq(2) agrees well with the approximation. In this region of magnetic flglds, thev
zero-resistance temperature in R€T) relation(see inset to curves are described by an exponential relation of the type

Fig. 3 Vaexp (./j1), where parametey, is field independent. For
2 Films onSITiO, substrates fieldsB>80 mT, thel -V characteristics are no longer expo-

In contrast to M1 films, thé-V curves of unirradiated nen';lal. . he. (B lati found to b
S1 films exhibit forl>05 A a swiching effect withina 11 O e?‘pe{'rgeb”t*t; ‘?cl( ) re Tmoﬁ were found to be
broad temperature interval, which suggests that these film&€! approximated by the classical refation

E=Bv|1+

v )exp(U/kT) , -1
expaj/kn) SR ellkD L @)

(1)0)\

wherev, is the flux creep velocity. The quantitiesand« in

are single crystal. The mechanism of destruction of super- i «(B)=j(0)(1+B/By) L. (6)
conductivity in such single-crystal systems by current is re- ¢ ¢
lated to the onset of kinetic depairing at film edgand the The inset to Fig. 4 plots the temperature dependence of

critical current itself, to the beginning of vortex flow. Esti- U/KT derived from a fit of Eq(5) to thel-V characteristic
mation of the physical limit foj . determined by the condi- (for U/kT>1). The valueJ/kT~ 25 thus found is in agree-
tion of the depairing current density at the film edge reachingnent with the estimate ¥5U/kT<50 quoted in Ref. 14.
the levelJ (w/2)=®, (3\/§7r,u0)\2§), taking into account The temperature behavior f (determined by a V/mm
the relation? J (w/2)=1 (2m\?wd) (where®, is the mag- criterion) andj,=kT/« (Fig. 4) are in accord with Eq(2). A
netic flux quantum is the field penetration depth, agds  relation of type(2) can fit a variety of pinning mechanisms.
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of intergranular links. Figure 5 presents dose dependences of

T29, 191, and T2* (the transition onset, end, and midpoint
For instance, for pinning at normal inclusions and spatiatemperatures, respectiveélgnd of the widthAT, of the su-
inhomogeneities with dimensions of the order of the meanperconducting resistive transition. The average degradation
free pathx=2 12 for pinning at boundaries of misoriented rate of the critical temperatur'ég'5for the M1 film,AT/A®,
crystallitesx=1.5 (Ref. 15. In our case, the temperature was found to be 9.210 18 K.cn?. It is known that the
dependences gf andj, before irradiation are well approxi- onset of the resistive superconducting transition is identified
mated by Eq(2) with x=1.5 and 1.2, respectively. Our ex- by the onset of superconductivity in the bulk of the grains,
perimental relationg. (T) and the valuex=1.5 are appar-
ently appropriate for vortex pinning at plain grain
boundaries, and the weak temperature dependence of the pit
ning activation energyU/kT indicates three-dimensional

character of the pinning potentit!. 0"

B. Effect of irradiation on the transport properties
of YBaCuO films

Figures 5 and 6 display; (®) andj. (P) relations ob-
tained on the M1 film under irradiation @t=25 K by vari-
ous neutron fluxes. The superconducting properties are see
to degrade monotonicallyT¢ andj. decreasgwith increas-
ing neutron flux. At a flux of 4.%10' cm 2, an Ohmic
region is seen to appear in theéV characteristic in the low-

N
1) Films on MgO substrates {
~<
5

I Illlll‘

current domain, but the nonlinearity typical of the supercon- 10" - 07 1 ! I

ducting state sets in again as the current increases. The criti - 0 -152 2 4

cal current degradation in this flux region can be associatec [ $-10 ", cm

not only with a change in the properties of superconducting -

grains and of the weak Josephson junctions coupling therr P Y E— '1 e

but also with decreasing effective cross section of the super- 78 -2
: P10 7, cm

conducting path for the transport current, whereas degrada-

tion of T, and the change in shape of the. resistive trar_‘s't'orhG. 6. Dose dependence of the critical-current density of an M1 film. Inset:

depend on the change in the characteristics of the grains ardit of Eq. (6) to the dose dependences.
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FIG. 7. Dose dependence of exponenwith |-V characteristics of an M1

film approximated by Eq(1). FIG. 8. Approximation of thg. (T) relations of an S1 film with Eq(2) for
different neutron fluxes ®x107*® cm™?): a—0.3, b—0.64, c—1.4,
d— 1.7. Inset shows the dose dependence of exponent

and its end, by that over the weak intergranular links. Hence

neutron irradiation affects intergranular links to a larger eX-threshold criterion of JuV. The j. (T) relation is seen to be
tent than the grain bulk. fairly well approximated with a power law, with the expo-
I-V curves of the M1 film obtained at different neutron nentx=2 being independent of neutron flugee inset in
fluxes were treated by percolation theory using 89. Fig-  Fig. 8. Thej. (®) relation measured on an S1 film at 80 K
ures 6 and 7 present dose dependences of the critical currggtdisplayed in Fig. 9. The critical current decreases expo-
densityj. and of exponent. One clearly sees exponemto  nentially, (7), with increasing flux(see inset to Fig.)9 The

grow rapidly with neutron flux, which indicates a consider- parametek=1x10"18 cn? is slightly in excess of the val-
able modification of the properties of weak intergranularyes obtained for the M1 films.

links by irradiation.
The j. (P) relation follows exponential behavior

Jjo(®)=]c(0)exp(—kd), @)

wherej. (0) is the critical current density before irradiation,
and coefficientk=7x10"1° cn?. Critical current should
vary with dose in this way if the current-carrying ability of a
material is dominated by the fraction of the superconducting
phase. Assuming that the critical current density in the su-

perconducting region does not depend on irradiation 4%

0

[j2(®)=j2(0)= consi, one readily obtains foj. (®) re- 5
lation (6).1® In this case, coefficierk s related to the number <
of displaced atoms per neutron. ,&
2) Films onSrTiO; substrates ’
The T, (®) and j.(P) relations obtained for S1 films 70

under irradiation at 25 K exhibited the same pattern as those
for the M1 film. Note that the increase in transition width
AT, with neutron flux inStype films is three times smaller

than that in M films. The average degradation rate of the 5
critical temperatureT® for the S1 film was found to be 0 X | . |
2.5x10 *® K.cn?, i.e., a factor 3.5 smaller than that for the 2" 07 0" T
M1 films. Figure 8 shows the fits of the temperature depen- &, om-?

?

dences of the critical current density obtained for an S1 film

at different fa_SI'neUtron fluxes against E). The critical- i, 9. Dose dependence of the critical-current density of an S1 film ob-
current density was found fronh-V curves based on a tained atT=80 K. Inset shows a fit of the dose dependence to(Eq.
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The |-V characteristics of S1 films obtained at various Thus, in order to increase the critical current in HTSC
neutron fluxes were treated within the model of resistivematerials through disorder produced by reactor-neutron irra-
state based on thermal activation of Abrikosov vortites. diation, one should use granular materials with grain size
Calculations made using E¢p) showed the pinning activa- above 8—1Qum.
tion energyU to be independent of flux, and th&/KT ratio Support of the Interdepartmental R&D Progrdideu-
to lie within the 20-25 interval, as is the case with the M1tron Studies of Mattéris gratefully acknowledged.
films. A similar result was obtained when YBaCuO single
crystals were irradiated by 3-MeV protohsOne could ex-
pect the CO”eCtive-pir-ming theo!lﬁby which the dose de- YThe authors are grateful to F. F. Karmonen(8i. Petersburg SEUand
pendence of the pmmn_g aCtlva_‘tlon t_ane_rgy should beh‘?‘ye 8%, vu. Klimov (IF%/I, N. Novg(;rO(.j for providind M1 and S% films, re-
Uox1/P, to become valid for high pinning-center densities; spectively.
this prediction does not agree, however, with the indepen-
dence of the pinning activation energy from flux obtained in

this experiment, which argues against the model of three-
dimensional collective pinning 1A, K. Pustovdt, B. A. Borisov, R. F. Konopleva, G. D. Porsev, V. A.

. . . Chekanov, S. O. Bokhanov, and M. V. Chudakov, LNPI Preprint
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The relaxation of the superconducting transition temperalyria YBa,Cu;Og 55 iS investigated

with increasing oxygen order in the Cyu@lane under 1 GPa pressure and with decreasing

oxygen order after the pressure is relieved. It is established that the oxygen disordering process is
more rapid than the pressure-induced ordering process: The ratio of the relaxation times of

T. in these processes, q/ T4isore=5- This behavior could be caused by different mechanisms of

the pressure-induced increase in the Cu—0O chain length and decrease of this length after
pressure relief. ©1998 American Institute of Physid$1063-783%8)00211-]

After the experiment of Ref. 1, which showed a direct Cl?* —Cut" in the CuQ plane. The effect of oxygen order-
connection between superconducting order and local oxygeing in T, is greatest near the metal—insulator transition,
order in the oxygen-deficient compound Yf8asOg.,, @ Where the state of the system depends most sharply on the
large number of works were performed on the problem ofcurrent-carrier density. The highest valut§./dP~30 K/
oxygen ordering in Y123. These were primarily experimentsGPa were observed in single-crystal BarOg 2 and in
on aging of samples in which the relaxation of superconductNdBa,CusOg 7.
ing structural, electronic, and other physical properties was In experiments studying the aging of quenched samples,
observed at room temperatufe, over several days® in only the direct process leading to an increase in oxygen order
nonequilibrium quenched disordered Yf8a,05,, samples can be observed, whereas the pressure method makes it pos-
as the equilibrium state was approached by increasing th&ible to follow also the reverse process leading to disordering
oxygen order(Cu—O chain lengthin CuQ, planes. These of oxygen chains after reliefor lowering of the pressure,
time-dependent phenomena are ordinarily interpreted in and it also makes it possible to regulate the change in the
charge-transfer model according to which the system Y12®xygen order by varying the magnitude of the applied pres-
is represented by conducting Cufayers and insulting CuQ  sure for a fixed oxygen content in the sample. In this way,
layers, which are a reservoir for holes. Oxygen orderingthe pressure method is promising for studying oxygen order-
corresponding to an increase in the lengths of Cu—O chaiing processes in Y123.
fragments at the first stage followed by the formation of a  In a previous work* we realized a transition into the
two-dimensional superstructure, materializes by diffusionsuperconducting state in an initially nonsuperconducting
hops of oxygen atoms from (®) into O(1) positions, as a NdBaCu;O4 57 Sample exclusively by pressure-induced oxy-
result of which some triply oxygen-coordinated(@uatoms gen ordering. The transition between the superconducting
transform into doubly coordinated atoms with their valenceand nonsuperconducting phases was completely reversible
changing from+2 to +1. This requires transfer of electronic with respect to pressure and showed good reproducibility.
charge from the Cu©plane to the CuQplane. Thus, during After pressure reliefT. relaxed to zero, but more rapidly
aging, as the system relaxes into the equilibrium state, ththan it increased under pressure. This asymmetry of the time
CuG, planes are continuously doped with holes. dependence of ;(T) under pressure and after pressure relief

A similar charge transfer mechanism is also proposed teshows that the oxygen ordering and disordering processes
explain the experiments on photoinduced superconductivityfollow different paths. It is known that a O-Il superstructure
and the effect of an electric field on the properties of superdoes not materialize in Nd128 since the Nd ion, which has
conducting films-° a large radius, actively influences the oxygen order, changing

Ordering of Cu—0 chains in the system Y123 can alscthe interaction between neighborindXpin the CuQ plane.
be induced by external pressure, causing nonequilibrium bin the present work we checked the manner in which the
decreasing the unit-cell volunté!? The degree of order of ordering and disordering of oxygen occur in the O-Il struc-
the mobile oxygen system in a sample subjected to compresdre in Y123. The measurements of the time dependence
sion will increase, approaching an equilibrium value corre-T.(t) were performed under pressuke=1 GPa and after
sponding to the new volume. This occurs because the unfiressure reliefat P=0) on a YBgCu;Og 35 Sample with
cell volume decreases upon the transformationT.~8 K in the equilibrium state at atmospheric pressure.

1063-7834/98/40(11)/5/$15.00 1783 © 1998 American Institute of Physics
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1. EXPERIMENTAL PROCEDURE

The ceramic YBgCu;04., Was prepared by the stan-
dard method. A sample with oxygen index 0.38 was cho-
sen for the investigations. The sample was obtained by rapi 0
guenching in liquid nitrogen after appropriate heat treatmen -g.g1
of an optimally doped sample with index=0.95, deter- g’

E

mined by iodometric titration. After prolonged holdirfgev-

eral weekg at room temperaturd,.~8 K in the equilibrium

sample, which agrees well with the data of Ref. 2, indicatings -0.02

the appearance of superconductivity in Y123 %e¢0.35. z
Magnetic measurements under pressure were performe J

at the Institute of Physics of the Polish Academy of Science:!

on a PAR model 450 vibrating-reed magnetometer in the -2.03 1 ! L

temperature range 4.2—100 K. The method used a miniatut 0 LY T K 20 30
14

piston—cylinder container made of a negative beryllium

bronze, in which a hydrostatic pressure up to 1 GPa wa
produced at room temperature. A 1:1 mixture of transforme or
oil and kerosene was used as the pressure-transmitting m
dium. The experimental samplen& 0.029 g had a cylindri-

cal shape with diameted=1.1 mm and lengti=5 mm.
The pressure was determined at low temperatures accordit  _5 4|
to the known pressure dependentg(P) of pure tin, a
sample of which ;n~0.01 g was placed next to the experi-
mental sample of Y123.

In the experiment, the temperature dependences of th =
magnetizatiorM (T) of the sample in a 10 Oe field at fixed
pressure 1 GPa were measured. Prior to each measurem
the container with the sample was cooled to 4.2 K in zerc
magnetic field(ZFC). The time interval during which the -0.03 . | |
sample was at room temperaturgr=295 K was measured g 0 20 0
between changes &f (T), whereas the time the sample was 7, K
in the cryostat was neglected, since virtually no oxygen dif-
fusion is observed af <240 K2 The total duration of the FIG. 1. Temperature dependence of the magnetization of g CB&; 35

. ... sample measured at 1 {ZFC). a) At P=0 in the equilibrium statécurve
experiment unde_r pr_essure WaS_ about 5 days. The tranS|t|qﬂ under pressur®=1 GPa with different holding timesat Tgy. t (h):
temperaturel . with different residence timeéunder 1 GPa 1 —0.252 — 7.7,3 — 39,4 — 81. b After pressure relief with holding
pressure at gt and the time dependencef, reflecting the  times atTgy. t (h): 5— 0.15,6 — 21,7 — 52.8, curve4 — same as curve
character of the variation of oxygen order at 1 GPa pressurd,in Fig- 1a.
were determined from th®1(T,t) data. A similar sequence

of measurements was performed immediately after pressure

relief to zero in order to determine the reverse relaxation of®SS, the superconducting transition narrowed. The first
T, to its equilibrium value aP=0. critical field H;,, roughly estimated from the deviation of

M(H) from linearity at 4.2 K and normalized to the value at
T=0 according toH(T)=H(0)[1—(T/T.)?] varied
from ~4 Oe (T;~8 K) at P=0 to ~18 Oe (T;~21 K) at
Figure 1a displays the temperature dependences of the=1 GPa . The change ifi; andH.; was no longer distin-
ZFC magnetizatioM (T) of a YBaCu;Og 35 Sample which  guishable, within the limits of experimental error, after hold-
were measurediia 1 mTfield at atmospheric pressure in the ing at 1 GPa for longer than 100 h. A+ 118 h the pressure
equilibrium state(curve 0) and under 1 GPa pressure after on the sample was relieved, after which the system relaxed at
definite holding periods afgt in a period~5 days(curves P=0 to the equilibrium state. Figure 1b shows how the tem-
1-4). One can see that the superconducting transition iperature dependence of the magnetization changes in time
strongly broadened. This is generally characteristic of ceafter pressure reliefcurves 5-7) relative to the state at
ramic samples because of stresses existing at grain bounB=1 GPa with the maximum holding time in the experiment
aries, which lead to oxygen-order gradiehtss well as be- (curve4).
cause of the high measuring field 1 mT required to maintain  The results of theT, measurements in the pressure
adequate sensitivity. change cycle described-01 GPa—0 are displayed in Fig.
The temperaturd@ ;. was determined by extrapolating the 2. The relaxational character of the changd irunder pres-
line of maximum slope on th& (H) curve to zero magne- sure and after pressure relief is described well by a simple
tization. During the experimenfl, asymptotically ap- exponential function, which was checked quite reliably on
proached its equilibrium value-21 K at 1 GPa. In the pro- the relaxation ofT;, the structural properties, and conduc-

3
g
o

-0.02

2. RESULTS AND DISCUSSION
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are directly responsible for superconductivity, as well as to
charge redistribution as a result of a pressure-induced de-
crease of the lattice parameters. We note that these contribu-
tions are not completely independent, if the structural relax-
ation accompanying oxygen ordering is taken into account.
The quantity T./dP);, which we estimated with increas-
ing and decreasing pressure, is 1.7 and 1.2 K/GPa, respec-
tively. The values obtained are close wT/dP);=1.8 K
I/GPa, measured on a YBauOs , single crystal3
Conversely, the effect of oxygen ordering at 1 GPa,
P=0 (dT./dP), is =12 K/GPa, which is two times lower than
the value obtained in Ref. 13 Bt=0.43 GPa. The difference
: | can be due to the influence of grain boundaries and other
0 100 200 microstructural defects in ceramic on the pressure-induced
t,h change of oxygen order. Another reason for the observed
FIG. 2. Time dependence &f. during restructuring of the oxygen sub- difference could be .thaﬂTC/dP IS n0t. ConStam bu.t rathe.r .
system CuQin YBa,Cu,O, 55. Open circles — under 1 GPa pressure, open &Ways decreases with pressure and is maximum in the limit
squares — after pressure religt0), filled square — equilibrium value of P—0. This was recently well substantiated by Gupta et®l.,
th atP=0. Ths 'So1lidblline;s \r/]ver]fiI csllcylallted EsinghEEm with th;e]| palram- f who took into consideration the parabolic dependefge
eters presented in Table I; the fille ioti H
at t=8 (at the start of the oxygenC|(r)CrcT§risrlgovgrgczggn;?u;eﬁ;;u%o ~(n°pt_n).2 CharaCtenStIC. fF)r higfF, superconductors
t=118 h(at the start of oxygen disordering after pressure relief (wheren is t_he hole d_enS|ty in the CL@lane,nopt=0.25
holes/CuQ is the optimal density al;=T¢ ma)-— 2 In-
deed, dT./dP=(dT./dn)(dn/dP)~(nex—n),  since
tivity in experiments on aging of Y123 sampte3®and un-  dn/dP~ const(which is valid for not very high values of
der pressuré!~14 P), and therefored T./dP decreases under pressure all the
more rapidly, the greater the pressure-induced charge redis-
Te(O=Te() = [Te() = Te(O)]exd — (U7, (1) tribution dn/dP. This effect, i.e. essentially the nonlinearity
wheret is the holding time al gy, T¢(0) is the value ofT,  of T.(P), should be easily noticeable near the metal—
at the start of the nonequilibrium oxygen orderifog disor-  insulator transition, wherdn/dP due to oxygen ordering is
dering process;T () is the equilibrium value of ., andz  maximum, and the compressibility is also maximufor
is the relaxation time. The parametdrg0), T¢(*), and7  x~0.3 Y123 is the “softest” material'® Thus, we observed
that best describe the behavior 8f at 1 GPa and after in NdBaCu;Og 67 at a pressure-induced metal-insulator tran-
pressure reliefsolid lines in Fig. 2 are presented in Table I. sition that values ofdT./dP), at 1 GPa &30 K/GPa and
We note thafT;(0) is an adjustable parameter, since in our0.55 GPa 43 K/GPa differ by approximately a factor of
procedure we could not determifie immediately after ap- 1.52°In reality, this difference is even larger, since the quan-
plying (or relieving the pressure. Ordinarily, before cooling tities (dT./dP), were determined by averaging over the in-
the sample was at temperatdrgy for about 0.2 h. Figure 2 dicated pressure intervals, i.e. A3./AP. On the basis of
shows (filled circles the computed values of (0). The these considerations and the experimental results of Ref. 20,
equilibrium values ofT () were also calculated, since the we infer a nonlinear pressure dependen€g(P) in
duration of the experiment was limited. YBa,Cu;0g 4 and the difference, originating therefrom, be-
The change inT., which is reversible with respect to tween the effect ofiT./dP that we observed at 1 GPa and
pressure within the limits of error in determinifig, occurs  the value measured at 0.43 GPa in Ref. 13.
mainly as a result of a change in the oxygen order. As first  The relaxation timer in the oxygen ordering process is,
shown by Metzger et at! the complicated effect of pressure to a first approximation, often associated to the activation
on T, in oxygen-deficient Y123 can be represented by a sunenergy of the @)—0O(1) transition,E~1 eV, according to
of two contributions that are of different nature: one due tothe Arrhenius lawr= r,expE/kT), where ro=1.4x 10*? 52
pressure-induced oxygen orderingT./dP), and the other However, Monte Carlo simulation of oxygen ordering in ag-
due to the intrinsic pressurelT./dP);. The second term, ing experiments predicts a more complicated process oc-
(dT./dP);, is due to changes in the interactioft®etween curing in two stages: a relatively fast process leading to or-
CuG, planes, electron-phonon interaction, and otherkich ~ dering of the @1)/O(5) sublattice, where only transitions
between neighboring @) and Q5) positions occur, and a
slower process leading to the formation of an O-Il super-
structure in which the Cu—O chains elongate so as to mini-
mize the number of energetically unfavorable chain ends.
The large variance in the observed valuesrdh different

20
16

S 12

TABLE I. The parametersl((0), T,(«), and 7 for which Eq. (1) best
describes the relaxation df.(t) under 1 GPa pressure and after pressure
relief (see curve in Fig. 2

P, GPa T.(0), K Te(), K 7, h experiments on Y123 does not make it possible to determine
1 9.56 215 277 accurately which process is observed in reality. Monte Carlo
0 18.8 8.55 5.4 estimate$' show thatr corresponds in aging experiments to

the process leading to the formation of an O-Il superstruc-
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B relief of 1 GPa pressure, starting at tire 118 h(the values
of H.; are normalized toT=0 according to the relation
He(T)=H¢1(0)[1—(T/T.)?]). The solid line in Fig. 3 was
calculated according to Eq(1) with the substitutions
B H.i— T, andt—t—118 h and the parametetd.;(t=0)
=15 Oe,H;;()=3.55 Oe,r=7.8 h, i.e., we obtained that
0 in the reverse process the paramef€tsand H., relax to
equilibrium values at close rates.
- In summary, the pressure-induced oxygen ordering re-
laxation process and the reverse disordering relaxation pro-
6k cess after pressure relief occur differently. This follows from
the large difference between the relaxation tinigsin the
L direct and reverse processes. A similar behavior under pres-
sure (i.e. more rapid drop off, after pressure religfwas
! observed at a  metal-insulator transition in
170 NdBa,Cu;05 67,24 Which has a different type of oxygen or-
der, different from the superstructure O-l, as a result of the
FIG. 3. Relaxation of the first critical fieltl,, during oxygen disordering  Strong influence of the large-radius Nd ibhwe add that in
after relief of 1 GPa pressure to zero. Circles — experimental valubigof  a YB&aCu;Og 5 film the disordering of Cu—O chains after
nqrmalized to the values a@t=0; the solid line was computed using Ed) removal of photoirradiation likewise is more rapid than
with the parametersl (1=0)=15 Oe,He,()=3.55 Oe,r=7.8 h. irradiation-induced oxygen orderirig,e. there is an analogy
with the pressure-induced behavior. Asymmetry of the
electric-field-induced oxygen ordering and disordering in
ture with a long relaxation time, but it follows from the ex- Y123 has also been observEd.
periment of Ref. 4 that such a processTatr occurs much From the oxygen-ordering picture presented in Ref. 21, a
too slowly (several weeKs The variance of the experimental simple inference can be drawn about the nature of the asym-
values ofr is associated with the influence of microstructuralmetric dependencé&.(t) in the direct and reverse oxygen-
defects, Al and Au impurity atoms in the experimental ordering processes. As the Cu—O chain fragments increase in
samples, on oxygen diffusion as well as with the differentlength by an oxygen atom attaching to the end of a chain, the
oxygen deficits. Recentf? a strong dependence(x) was  average diffusion length of the transitio®—0(1) should
observed in a YBECuOg ., Single crystal: As the oxygen be longer than in the case of shortening of Cu—O chains,
content increaseds rapidly decreased fromr=~10 h at since in the former case an oxygen atom must traverse a
x=0.4 to7~0.5 h atx=0.7. Monte Carlo calculations also longer distance in order to find a vacant location ifiLO
predict a maximum ofr due to large fluctuations near a positions. In the reverse chain-shortening process, however,
T—O transition (between the tetra- and orthophases atO(1)—O(5) transitions can be easily accomplished between
x~0.35) % neighboring oxygen atoms, so that the charge redistribution

We determined the relaxation time in the process of oxy{process between Cy@nd CuQ planes will be more rapid.
gen ordering aP=1 GPa by analyzing the time dependenceThe relaxation will also speed up if the possibility of destruc-
T.(1) in Fig. 2: 74,q=27.7 h(see Table)l This value ofris  tion of a Cu—O chain by rupture is taken into account. In this
higher than in a YBsCu;Og 4 single crystal® probably for  case the chain lengths and correspondingly the hole density
the reasons discussed abddee to the influence of defects: in the CuQ plane effectively decrease. This simple scheme,
boundaries, impurities, and so on in the cergnais well as  however, requires a detailed examination.
because in our experiment the pressure was more than two In conclusion, we shall note the characteristic features,
times higher than in Ref. 13. The latter supposition agreefvestigated here, of the pressure-induced restructuring of the
with the Monte Carlo calculatiorfé, showing that near a oxygen sublattice in YBau;Oq., « Near the metal—insulator
T— O transitionr increases strongly with increasing anneal-transition. The change i due to the change in the degree
ing temperaturd ,, which fixes the degree of oxygen disor- of oxygen order in the CuQplane is completely reversible
der at the start of the aging process. In our case the degree with respect to pressure, showing that the displacement of
disorder is fixed by the pressukre electronic charge between Cg@nd CuQ planes is revers-

In the reverse process leading to disordering of the oxyible. However, the process leading to disordering of the oxy-
gen subsystem after pressure relief to zero, we calculategen subsystem occurs much more rapidly than the direct pro-
Taisors™ 2-4 h, i.e., the disordering process is much morecess leading to ordering, the ratio of the relaxation times in
rapid, 7.4/ Tgisord=5- The discrepancy with respect to the these processes being,y/ 7gisor=5. The asymmetry of the
time dependencé& (t) at P=1 GPa and®=0 is even no- temporal variation of the pressure-induced oxygen ordering
ticeable visually(Fig. 2). We also check the rate of the re- and disordering processes could be due to the fact that the
verse process according to the relaxation of the first criticamechanism leading to an increase of the Cu—O chain length
field H.,, determined from the dependendgH) at 4.2 Kin  (by oxygen atom attachments to chain endglifferent from
different nonequilibrium states. Figure 3 shows the variatiorthe mechanism leading to more rapid shortening of the chain
of the parameteld ., accompanying oxygen disordering after (by removal of oxygen from a chain end to a neighboring
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The frequency response of the photovoltaic component of light-induced voltages in
superconducting YBCO films having different morphologies has been measured for the first time
over a broad range of 1.5 Hz to 150 kHz. It is shown that the deviation of the high-

frequency response from the conventional relaxation dependence observed in one of the samples
can be due to a spread in parameters of the elementary photoemfs generated in different

regions of the film. The data obtained permitted estimation of a number of quantities characterizing
the photoconducting properties of the nonmetallic regions with extended inhomogeneities

which are responsible for the onset of the photovoltaic signal.1998 American Institute of
Physics[S1063-783®8)00311-9

As shown by our earlier studi&s of light-induced in-  linearly with illumination intensity, exhibited, in place of the
plane voltages generated in superconducting YBCO filmsexpected frequency relation of the type H?7%) %2
the observed signals are associated with at least three mecHa»=27f, and 7 is the relaxation timg a steeper decay of
nisms, one of which is the photovoltaic effect. The photovol-the signal close te 2. It was shown that this feature of the
taic effect is assumed to be due to the existence of internaksponse function may be due to the statistical nature of de-
interfaces(of the type metal-semiconductor—metal the  tected signals, which are actually the results of summation of
bulk of the superconducting phase, which form at extende@&lementary photoemfs generated by individual inhomogene-
(planap defects or inhomogeneitigsve shall refer to these ities. For this interpretation to be valid, these photoemfs must
regions in what follows aginhomogeneiti¢s and under- differ not only in relaxation times but in the sign as well.
stand by th&properties of inhomogeneitiethe correspond- Subsequent treatment of the response function and of other
ing properties of the semiconducting layet#\n analysis of ~ experimental data pertaining to the photoconducting proper-
some inhomogeneities of this kind known to exist in YBCO ties of the samples permitted estimation of a number of pa-
films, made from the standpoint of their possible contributionrameters(e.g. the lifetime of minority carrierswhich char-
to the photovoltaic effect, was reported in Ref. 3. acterize  the  semiconducting properties of the

The main experimental tool capable of separating thénhomogeneities under study.
various mechanisms for generation of light-induced voltages
in YBCO is baseql presgntly on measuring the_ fre_quen_cy re&_ SAMPLES AND EXPERIMENTAL TECHNIQUES
sponse of the variable signals generated in a film illuminate
by an intensity-modulated light beamBecause the light Light-induced voltages were measured on three YBCO
source used in these experiments was a standard halogéims, two of which were studied earlfer (the films on
lamp, the intensity was modulated by a mechanical choppeMgO and LaAlG, substrates were denoted in Refs. 1-3 by
which did not permit one to reach beyofid-1 kHz. With  S2 andS3, respectivelyand, therefore, their structural, geo-
such a limitation of the frequency range, no full pattern ofmetric, and physical characteristics were already presented.
the behavior of the photovoltaic component which wouldThe third sample, although used for the first time, was one of
include the frequency-response roll-off region could be ob+the lot investigated previously and prepared by laser ablation
tained. At the same time the significance of such informatioron NdGaQ substrates. Considered from the standpoint of
to unraveling the nature of the photovoltaic effect in YBCO morphology, the latter sample, denoted subsequentl$by
films is obvious, particularly if one takes into account the(for the other samples the old notation has been retained
difficulties involved in spectral measurements of low in- had the weakest-pronounced texture, but, in contrag§2to
duced voltages. Therefore the main object of this work wasnd S3, did not exhibit residual resistivity below the super-
to study the frequency response of light-induced voltages ionducting transition pointT;~ 90 K).
YBCO films over a considerably broader frequency range, The geometry of the experiment and the general scheme
from 1.5 Hz to 150 kHz. for measurement of light-induced voltages were described

The measurements were performed on three YBCGelsewheréd: 3 All measurements were carried out at room
films with different morphology. The response functions ob-temperature. A new aspect of the experimental technique
tained reveal both some common features and certain diffewas the use of a He-Ne laser (L0 2 W) for sample illumi-
ences, the most essential of them concerning the highaation, with an electro-optical modulator serving for inten-
frequency roll-off of the response. For instance, one of thesity modulation. This permitted broadening substantially the
samples, measured in the conditions where the signals varigdeasurement ranggrom 1.5 Hz to 150 kHg as well as

1063-7834/98/40(11)/5/$15.00 1788 © 1998 American Institute of Physics
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97,Khz As follows from a comparison of these relations, the charac-

FIG. 1. Frequency response of light-induced voltagds=800 K) in  teristic fr?quency of the cut-off, which is .determi'_qed by the

samplesS?2 (a), S3 (b), andS4 (c). The insets display on standard scale the thermal time constanty, of the sample, is practically the

response in the low-frequency range. same for both signals.

A comprehensive study of the origin of the steady-state

to improve the reliability. Besides, by focusing the Iaserthermoelectrlc component of light-induced voltages is be-

beam properly, one could investigate the spatial distributior¥Ond the scope_of this wor_k. Therefore we Sh‘f’l" limit our-
of the photovoltaic effect over the film surface. selves to repeating the conjecture put forward in Ref. 1 that

since the thermopower signal is seen also with the light spot
focused symmetrically between the measuring contacts, it
most probably is due to the presence of spatial inhomogene-

Figure 1 displays frequency response measuremeniges in the samples.
made on the samples under stu@yote that the signal 52 Turning now to a discussion of the photovoltaic response
and S3 was measured between the contacts on which thef the light-induced voltage H), one should stress the
light-induced voltages are the largésiThe responses of all practically linear dependence &y, on the incident light
the samples are seen to follow the same pattern. Within thiatensity | (I n,~10 W-cm™2). Therefore we could expect
initial region (1.5<f<100 H2, the signal falls off to reach a the frequency dependence Bfy, to follow the standard re-
relatively smooth plateau exhibiting one or several steps, ddaxation relation
pending on the sample, after whi¢for f=10* Hz) the in- _
duced voltages decay to zero. Epr(@)=Epr(0)(1+w?r%) 22, @)

The low-frequency roll-off of the frequency responsewhere 7 is a certain characteristic relaxation time. An at-
was observed earlitrand was attributed to the signal of tempt at fitting this relation to the experimental frequency
steady-state thermopower superimposing on the photovoltaiesponsesafter subtraction from them of the thermoelectric
component of the light-induced voltage. This explanationcomponent met with success, however, only f62 andS4
was supported by measurements of the frequency depeliFig. 3). The steeper roll-off of the response of samfk
dence of the bolometric respon¥g (i.e. the signal which is did not permit a satisfactory fifFig. 4).
generated by thermal modulation of the resistance of an illu- We believe the reason for such an unconventional be-
minated sample connected to an external current spurcehavior of the photovoltaic response 88 to originate from
which were performed in the same conditions as the studyan integrated character of th&,, component, which repre-
of the light-induced voltages. Similar experiments were carsents actually the result of averaging of the contributions
ried out in this work as well, and their results for one of thefrom elementary photoemf'se() generated by individual in-
samples §3) are displayed in Fig. 2. Also shown is the homogeneities. Obviously enough, parametgrsnay ex-
low-frequency part of the response of the light-induced com-+hibit a certain spread over a sample, both in their sign and

2. RESULTS AND DISCUSSION
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14 U(w)=U(o)+Us(w)=7/(1+iwT)+ o/ (l+ioT,)
=[(r1+ 1) ti2omm]/(l1tior)(ltior), (2)

wheres (t) is the Heaviside function.
The es (w) relation is determined by the modulus
U ():

es(w)~|U(0)|~[1+ 0?72V (1+ w?r?) 12

><(1+w27'§)71/2, (3)

where ™ =271, /(71+ 7).
For 87=|7,— m5|< 715, EQ.(3) can be recast, to second-
order terms, to an expression of the ty{ig

Eph,arb.units

es(w)~(1+w’r3,) 2, 4

Whel'e Tav— (7'1“1‘ 7'2)/2.
If, however,57~ 7, ,, theey (w) relation may take on a

L —= A=—thut two- (in a general case, a manystep shape. In our opinion,
0 30 90 750 N ; ;
£, kHz it is this factor, i.e. the presence in a sample of sevésl

least twg types of elementary photoemf's with essentially
FIG. 3. Frequency response of the photovoltaic component in sar@les  djfferent relaxation times that can account for the steps in the
S2 and (b) $4 fitted by relation(1) with the fitting parameterr of 1.7 . . .
%1075 and 1.45¢10°5 s for S2 andS4, respectively. frequency response funct.|on in the plateau redieig. 1).
Consider now what will happen &, ande, have oppo-
site signs, all the other conditions remaining unchanged. For
the magnitude of. To see how this may affect the frequency U (@) we now obtain
dependence of the resultant signal, consider a few simple _ . .
examples. U(w)=(11— ) (ltior)(l+ieT), (5)
We start with the case of two photoemfs, (ande;) of  \yhence it follows that
the same sign but differing in the relaxation timegsand 7.

The frequency dependence of the resultant photasnifan es(0)~|U(0)|~[1+ 0?(r3+ 73) + 0273172, (6)
be derived by Fourier transforming the response of our sys-
tem[u (t)] to a single pulse We readily see that for frequencies> (7, >+ 7, %)'? the

resultant photoemf should exhibit a steeper deeay, 2.

U(t) =uy(t)+uy(t) =exp(—t/7)s(t) +exp —t/7)s(t) , Obviously enough, this consideration can be extended to
or any number o&;. To do this, one will have to sum consecu-
tively the complex amplitudes foe; of either sign(after
arranging them in groups close in magnitudeepénd of r;)

and introduce the properly averaged timgg, thus reducing
the problem to the case of tw@r several photoemfs. The
results thus obtained will naturally remain valid, at least
from the qualitative standpoint. Thus the unusual high-
frequency behavior of the photovoltaic effect in sam@g

can be accounted for by generation of elementary photoemfs
of opposite signs, which produce at least two sum sig@ls,
andes , which are close in absolute magnitude and differ in
statistically averaged relaxation times.

The existence of elementary photoemfs with opposite
signs follows from the mod&lof the photovoltaic effect in
YBCO films, which assumes generation at opposite inter-
faces of an inhomogeneity of counter-streaming photocur-
rents. The scatter im likewise does not come as a surprise,
particularly since any degree of scatter will, in principle, be
sufficient. The need of taking into account experimentally

Eohy arb.units

0 20
f,kHz the statistic nature of photovoltaic signals in our samples is

buttressed convincingly by the results of scanning the film
surface with a focused laser bedwith the spot area-100

curve was obtained with the following fitting parameterg=1.65< 10" % s, X]-O(_)Mm)- A”. sample; exhibited a notlceable variation of
7,=1.8x107%s,9;=0,. Epn in magnitude, with even a sign reversal observed

FIG. 4. Frequency response of the photovoltaic component in sa8%le
fitted by relation(1) (dashed lingand(7) (solid ling). In the latter case the
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in sampleS4 (a similar result was obtained also in Rej, 4
which correlates with the weaker-pronounced texture of this 0 30;"““ daa *52
sample. —~ AS3
Thus application of the above results obtained on our %
samples, in particular, of Eq6), to approximating the fre- W 0151
guency response i83 appears well substantiated. In actual §
fact one used in place of E¢6) a more general expression, N
which included weighing coefficienty, andg, to take into ] 0.70f00 ¢ oo o o o o o i
account the spread in othébesidesr,,) parameters deter- "“
mining e andeg (for instance, the number of the elemen- 0.05 ‘ . . . .
tary component photoemts Yo zo00 . 6000 10 000
yHz

Epn(@) =[(9171—gp7) %+ w?7275(91— 0,) ]2
2 212 2 212 FIG. 5. Ratio of the light-induced signal measured at double modulation
X(1+ wr)) (1+ w=75) . (7) frequency to that at the fundamental-frequency plotted vs frequency for
samplesS2 andS3.
The fitting parameterg, , and 7, , are connected through an

obvious relatiorE g, (0)=g; 7, —g,7,. The solid line in Fig.
4 is a fit by Eq.(7) to the frequency response 8B; also  which should be considered as an argument for the validity
presented are the fitting parameters used. of the second mechanism of the photovoltaic effect in our

An analysis of the frequency-response fitting for thefilms.
samples under study shows that despite the considerable dif- The above estimate a¥ follows from the expected high
ferences in their morphology, the values ofobtained are concentration of free ) and/or localized if,,.) carriers
fairly close. Taking into account the differences between thanaking up the SCR. Indeed, using far the well-known
inhomogeneitiegat least inS2 andS3, Ref. 3 contributing  expressiofi for the width of the Schottky-barrier SCR, the
to the photovoltaic effect, this result, like the nature of above value ofv is obtained withn (n,,c) ~10*° cm™2 (for
itself, requires interpretation. One would need for this, how-reasonable estimates of the dielectric permittivilyhe exis-
ever, information on the electronic properties of the inhomo-tence of such free-carrier concentrations in these regions has
geneities under study, which are practically lacking atbeen confirmed to a certain extent by the discovery in our
present. Therefore the above results can be analyzed ondamples of a photovoltaic signal at the double modulation
within the general concepts of the photovoltaic response. frequency.

It is knowr? that the relaxation mechanism of the pho- In principle, the presence of higher harmonics in the
tovoltaic effect(forming in the region of the-n junction, or  photovoltaic signal does not come as a surprise, if one takes
of the metal-semiconductor contact, as is assumed in ounto account the nonlinear dependence of photodiode current
cas@ depends in a general case on the relation between thdensity on voltage/, across it The amplitude ratio of the
width of the space-charge regi¢BCR) of the rectifying bar-  fundamental to second harmonkg,, (2w), is determined by
rier, w, and the diffusion length of minority carriefs(which a parameteeV,/kT (heree s the electronic chargé,is the
in our case are generated in the semiconducting Jay&r  Boltzmann constant, arilis temperaturg which in our case
w>1, 7 is determined by the transit timg through the SCR  (Vo~Ep,~3X 107 V and T=300 K) is, in order of mag-
for the slowest carriers. In the opposite case<(), the nitude, 10°. At the same time the experimental values of
photovoltaic effect is dominated by diffusion to the SCR of Ep, (2w)/Eyn(w) were found to be about four orders of
light-generated minority carriers, and it is their lifetime that magnitude large(Fig. 5. In the conditions wher&,(I) is
determinesr. a linear relation, the only reason for such larfgg,(2)

As follows from the model of the photovoltaic effect in signals can lie in sample resistance modulation. Note also
YBCO,? generation of the experimentally observed voltageshat, while forf<100 Hz the change in the resistance could
requires that the effective inhomogeneity widthexceed be assigned to heating of the films, at higher frequencies it
10~° cm. Application of this criterion to data on the mor- could be associated only with photoconductivity of the non-
phology of samplesS2 and S3 permitted identifying the metallic regions in the samples. This posturate was supported
types of the inhomogeneities most likely to contribute to theby measurements d¥, in S2 and S3 carried out over a
photovoltaic effect. Their thicknega/hich does not exceed a broader frequency rand€ig. 6). As seen from the figure, at
few microng determines the maximum value of, which  f~100-300 Hz the signal reaches a plateau, and only after
can then be used to estimate the carrier mobjlityatisfying  this it decays forf >0.5—1 kHz. Fitting the points in Fig. 6
the relationty~w?/ we~ 7 (here g is the height of the bar- with a relation of the typg1) permitted estimation of the
rier bounding the inhomogenejty For w~d~10"% cm, time Ton @ssociated with relaxation of photoexcited carriers
7~10"% s, and ¢~10"! V, we obtain u~10"? cn? (npr) - Their concentration can be estimated from the expres-
-V~ 1571 Although such a small value gi is, in principle,  sion npn=Bal 7, by substituting into it the absorption coef-
reconcilable with carrier mobility in disordered media, it was ficient a~10° cm™* (which, in order of magnitude, is equal
obtained for a clearly overestimated Indeed, a priori one to the value ofa for bulk YBCO) and incident intensity
should expect valuesi~10 © cm. In this case the corre- ~3 W-cm 2~3x 10 photons(cn?s) (the quantum yielgs
sponding estimate oft becomes physically unacceptable, is assumed to be ohe which yields
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gested, in particular, by the above-mentioned closeness of
the values ofr in all the samples studied. It thus appears that
the mechanism of the photovoltaic effect in the YBCO films
under study involves diffusion of minority carriers generated
by light in the nonmetallic regions of the internal interfaces,
which exist in the bulk of the superconducting phase in
YBCO.
In conclusion, it appears useful to compare our values of
\ Ton With photoconductivity relaxation studies performed on
0 ST e e e e e e samples of the tetragonal, partially oxidized, YBCO phase.
, (It should be pointed out that the true lifetimes dominated by
the recombination time may differ from the ones obtained
here because of the multiple release and recapture of carriers
by shallow levels. For instance, Ref. 7 quotes,,~2
X 10" % s for YBa,Cu; O, films (x<6.4). At the same time,
as follows from dathobtained for YBaCu;Og 3 crystals, 7y,
is of the order of a few microseconds at=300 K. The
values ofr,, obtained by us lie in between, which, in prin-
ciple, does not exclude the nonmetallic regions in the
, . samples(including the inhomogeneities under stiidg be
0 7000 3000 5000 close in properties to the insulating phase of YBCO.
,Hz Thus our study of the response of light-induced voltages
FIG. 6. High-frequency behavior of the signal corresponding to the bolomin superconducting YBCO films performed at frequencies
etri(; cc.)mp?)nentqin sar¥1p52 (a) andS3 (b).gThe solid IFi)ne dis?)lays the fit from 1.5 Hz t_o 150 kHz has confirmed the eXIStence_m_ them
using relation of the typé1) obtained with the fitting parameters,=1.0 ~ Of photovoltaic voltages assuntei be due to the rectifying
X10™* s andr,,=7x10"° s for S2 andS3, respectively. The dashed lines barriers at internal interfaces in the bulk of the superconduct-
correspond to the frequency dependence of the thewpaomponent ob-  jng YBCO phase, which exist at extended inhomogeneities.
tained by extrapolating low-frequency ddtbtained with,=8.8<10°s  The ghserved deviation of the frequency response curves
andry=1.25¢10"" s for 52 and33, respectively from the conventional relaxation behavior is a consequence
of the statistical nature of the signals, which represent actu-
ally the sum of elementary photoemfs generated by indi-
Npn~10° cm™°. Considering that th&,(2w) signal ob-  yiqual inhomogeneities differing both in the sign and mag-
served in these conditions corresponds to a change in sampi&yde of the relaxation times. Measurements of photoemfs
resistance by about 5-10%, the equilibrium carrier conceNgenerated at the double modulation frequency, as well as of
tration in the nonmetalli¢photoconducting regions corre-  he photoresponse of samples connected to an external cur-
sponds ton~ 10 Cm__s- _ _ rent source, have yielded additional information on the pho-
~ We are naturally interested in the extent to which they,congucting properties of the samples. An analysis of the
inhomogeneities under study here contribute to total resispality of the experimental data obtained permitted relating
tance[which manifests itself, for instance, in the existence Ofthe mechanism of the photovoltaic effect to the diffusion of

residual resistance in sampl8 andS3 belowT¢ (Figs. 1 minority carriers created at the inhomogeneities under study,
and 2 in Ref. 3and of photoconductivity in the nonmetallic 4,4 estimation of their lifetime.

volume of the films. In this sense the situation wi@ ap-
pears easier to understand. A comparison of Raman spectra
[which show a superconducting phase to be domiriseé
Fig. 5 in Ref. 3] with electron microscope images &

(Fig. 3 in Ref. 3 suggests that the bulk of the sample is LA I. Grachev, I. V. Pleshakov, A. P. Paugurt, and S. G. Shul'man, Fiz.

mostly occupied by superconducting microcrystals, which Tverd. Tela(St. Petersbuig3s, 2922(1996 [Phys. Solid Stat@8, 1598
are surrounded by nonmetallic layers suppressing supercon{1998].
ducting current through the film. Obviously enough, it is 22- : gggng ft;‘dY'-VbZ\'/esd'RkoF‘)’v nﬁoiiiggvcgménﬂrri%(elnﬁ% o
with these_ I_ayers that one should associate the s_ample pho—P;au'gurt, and I V. ;iesha{w, 7Ph.ysi(.:a288 268'(15-997.). o
toconductivity as well. On the other hand, these inhomoge-H. s kwok, J. P. Cheng, and S. Y. Dong, Phys. Rev36270(1991.
neities were considerdds the most likely sources of the 5T. S. Moss, G. J. Burrell, and B. Elli§emiconductor Opto-Electronics
photovoltaic effect inS2. In this case one could apply to (Butterworths, London, 1973

. . . E. H. Roderick Metal-Semiconductor Contact€larendon Press, Oxford,
them, with good reason, the above estimata afguing for 1978; Radio | Svyaz’, Moscow, 1982
the validity of w=10"° cm which, as already pointed out, 7gr. Boyn, K. Ldbe, H.-U. Habermeier, and N. PruR, Physical&l, 75
excludes any connection of the photovoltaic effectSa (1993.
with carrier generation in the SCR and permits identification °G- Yu. A. J. Heeger, G. Stucky, N. Herron, and E. M. McCarron, Solid
of 7 with the lifetime of minority carriers. It is unlikely that State Commun72, 345 (1989.

the situation withS3 and $4 is different, and this is sug- Translated by G. Skrebtsov
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Pressure- and doping-induced interlayer charge transfer in mercury cuprates
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An analysis of the variation of site parameters has permitted determination of the interlayer
charge transfer in mercury cuprates induced by pressure and incorporation of superstoichiometric
oxygen and fluorine anions into HgBauQ,. It is shown that the charge transfer is

governed by charge balance between the mixed-valence cations, namely, the mercury in the
charge reservoir and the copper in the conducting layers19@8 American Institute of Physics.
[S1063-783%8)00411-7

The crystal structure of mercury cuprates, which havepressure(Fig. 2).6 The spliting atP=5 GPa decreases by
the highest superconducting transition temperatures to datejore than 10%, whereas the cell dimensions decrease only
has been studied intensively in recent years, primarily in thdy 1-1.5%.
simplest compound HgB&uQ,,s. Neutron diffraction This implies nonuniform deformation of the crystal, and
measurements yielded detailed information on the site pahe presence of a “weak” element, which is the spacing
rameters of all atoms and on their dependence on stoichionbetween the B& and O 2 layers, is due to a change of
etry and external pressure, as well as on the position of stsome interactions in the crystal rather than simply to a de-
perstoichiometric oxygeh.® The correlations between the crease in volume. The Coulomb model assigns this to a
amount of this oxygen and the critical transition temperatureveakening of the coupling between adjacent layers, which is
were established, but, in contrast to yttrium-barium cupratessaused, in its turn, by the reduced difference between the
structural data did not provide an unambiguous answer focharges of the mercury and copper layers. Because the mer-
how this interlayer charge transfer takes place. The objectiveury layer is charged positively, and the copper one, nega-
of the present work was to determine from high-precisiontively, the decrease @ may be considered as an unambigu-
neutron-diffraction data the in-plane and ionic charge in theous indication that application of a high pressure or a
mercury cuprates and the amount of interlayer charge transeduction of the volume initiates transfer of a positive charge
fer induced by pressure and incorporation of superstoichiofrom the reservoifthe mercury layerto the conducting cop-
metric aniong;®>~" using the modél of Coulomb-induced per layers.
layer splitting. The change in théBaO) layer splitting in mercury cu-

The (HgQy) and(CuQ,) layers in the mercury cuprates prates isdA/dP=—0.02 A/GPa. According to Eq1), the
HgB&Cg,_1Cu,0,,. 2+ s Sandwich aBaO) layer split into  pressure-induced interlayer charge transfer in all cuprates is
separate B& and O 2 sheetsFig. 1) by Coulomb interac- —dQ/dP=0.08/GPa. AP=10 GPa, the charge transferred
tion between the positively chargéHligOs) and negatively from the mercury to the copper layers is 0.8. This means that
charged(CuQ,) layers. the ionic charge of mercury changes from close@ at

The splitting of the(BaO) layer is connected with the
charge difference between the adjacent layefg,
=Q,— Q,, through an empirical relatidn

A=—0.045+0.2475Q, (1)

Q>0 +++++++++++

Hga
where the splitting) is in A, and the charge is expressed in d

units of electronic charge. In accordance with Ef), a

change in thgBaO) layer splitting implies a change in the -2
charge on the adjacent layers. Thus one can, based on the site ] 0
parameters determined from diffraction measurements, de- = +3
rive direct information on charge transfer from tttégQO;) Ba
reservoir to the(CuG,) conducting layers. This provides a

possibility of following the variation of the charge on the

layers and on individual ions, as this was dorfer Cuo,
YBa,CuzO; -y by changes in the oxygen stoichiometry

(0<y<1). Q<0 ----=------

Diffraction data on the site parameters in various mer_FIG. 1. Layer arrangement in mercury cuprate lattfcagment of the struc-

cury cuprates _obtained at high pressures intjic:_;tte thaF thEre. Q,, — mercury-layer chargeQ, — copper-layer chargéboth are
(BaO) splitting in all these compounds varies similarly with reduced to the area of the unit-cell basal plane

1063-7834/98/40(11)/4/$15.00 1793 © 1998 American Institute of Physics
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FIG. 2. (BaO layer splitting in (1-3) HgBaCuO,.;, (4,5 o
HgBa,CaCuyOg. 5, and(6) HgBa,CaCuyOg, 5 VS pressuré. 3190
K .
}]
8
g,
zero pressure to a value close tdl.2. Thus most of the 3

S

mercury ions in the reservoir layer are transferred by this
pressure from the+2 to +1 state. A similar transfer of
positive charge from the (Cuyfpreservoir layers to the con-
ducting (CuQ) layers induced by an external pressure oc- 2.3
curs also in the yttrium-barium cuprattsalthough the
transferred charge and the variation of the ionic charges in
the latter are smaller. The qualitative changes, however, are
the same, namely, in the mercury cuprates a decrease of the
mercury ion charge brings about an increase of the ionic
charge on copper, whereas in the yttrium-barium cuprates a
decrease of the chain-copper ion charge results in an increase
of the plane-copper charge.

S
[

Ion charges
[N
-~

Neutron diffraction studies of HgB&uGQ, , 5, the sim- 2.0
plest representative of the mercury cuprate family, yielded
the site parameters of all atoms for the compositions 0.06 g : 0J05 —l— 0',5 —t—t D.IZJ
< §<0.192 They were used to construct the dependence of ) Ozygen car;tent, §

the (BaO) layer splitting on composition displayed in Fig.

3a. One readily sees a decrease of the splitting with increa$!G. 3. (@) (BaO) layer splitting, (b) mercury,Qp,, and copperQc., layer

ing amount of oxygen doped into the mercury layer. Thischarge. andc) charge or(1) copper and2) mercury ions in HgBZCUO, . 5

L L vs the content of superstoichiometric oxygen.

indicates a transfer of positive charge to the copper layers

from the mercury reservoir when superstoichiometric oxygen

is incorporated into it. In accordance with the universallythe oxygen ions—2, we obtain for the charge neutrality

accepted concepts, transfer of a positive charge results in aondition

increase in hole concentration in the conducting layer, and 0.+ Q.=0 @

this can be responsible for the change of the superconducting ~m ~¢ ~

transition temperature in superstoichiometric mercury cu-  Solving Eqs(1) and(2) yields the layer charge distribu-

prates. tion as a function of compositiofFig. 3b. For §=0.2, the
Incorporation of superstoichiometric oxygen reduces theharge transfer is 0.2 pé€uG,) layer. Hence it is close to

lattice periods, i.e. reduces the volume. The linear compreghat occurring under a pressure of a few GPa, and this cor-

sion induced by oxygen doping is, however, 0.1-0.2%, i.e. itelates with the observation that application of this pressure

is still smaller than that produced by application of pressureand incorporation of excess oxygen result in an increase of

while the (BaO) layer splitting decreases by more than 10%.the critical temperature in HgB&UQ,, 5.

Hence the effect of doping cannot be reduced to a change in Knowing the layer chargdand assuming thag(O)

volume only, and instead is due to a change in the ionic= —2], one can readily find the copper and mercury ionic

charges. charges in HgBgCuQ,, 5. It turns out that the charges of
To approach quantitative determination of the layerboth ions are slightly larger tham 2 (Fig. 39 and do not

chargesQ,, and Q., one has to take into account, besidesdiffer much from one another. Thus when excess oxygen

condition (1), the charge neutrality condition as well. As- ions are doped into the mercury cuprate, their negative

suming the barium ionic charge to be2, and the charge on charge is compensated approximately equally by an increase



Phys. Solid State 40 (11), November 1998 S. Sh. Shil'shtein 1795

a (about 10% for the excess anion concentration of 0.2 per
formula unit for both fluorine and oxygen. Hence in both
cases incorporation of superstoichiometric anions results in a
transfer of positive charge to the copper layers. We used the
procedure described above to construct the dependences of
the charge in the layers and on cations of both species on
composition(Fig. 4b and 4 It was found that the ionic
charge of mercury in the cuprate with excess fluorine re-
mains+ 2, whereas the charge on copper ions increases with
the amount of fluorine. This means that the negative charge
of the fluorine ions is compensated in this case only by an
200 b increase of the copper charge.

The above results permit one to describe the ionic charge

0.95

(-]

(Ba0) layer splitting, A

0.65

-
?" h balance in mercury cuprates setting in under changes in pres-
n 190 sure and composition in the following way. Application of
S - an external pressure transfers positive charge from the mer-
‘{" 1.80 [ cury layers, which act as charge reservoirs, to the conducting
5 - copper layers. This transfer is realized only through charge
K] - exchange between the mercury and copper ions, in which the
§, 1.70 B charge on the copper ions increases, and that on the mercury
K] - ions, decreases. The positive charge created in the ionization
1.60C L1 - L1 of oxygen or fluorine atoms when superstoichiometric anions

| 11
a.15 .25

o
oF
]

1

0.35 are incorporated into HgB&uO, becomes redistributed dif-
ferently between the mercury and copper layers. While in the
case of fluorine all of the charge transfers to the copper lay-
ers, incorporation of oxygen leaves about half of the charge
on mercury ions in the mercury layers. This difference ac-
counts for the independence of the hole concentration in cop-
per layers on the charge of superstoichiometric ions pointed
out in Ref. 7. Another difference between the cuprates with
excess oxygen and fluorine consists in that incorporation of
oxygen into mercury layers, in contrast to fluorine, results in
Y T o the formation in them of Hg® ions. It may be conjectured

0 005 o1 0.25 0.3 that the presence of negative ions with a higher charge in the

Fluorine content ,§ nearest environment favors the Hg-Hg"? transition.

FIG. 4. (a) (BaO) layer splitting,(b) mercury,Q,,, and copperQ., layer Ime-rlayer Cha-rge transfer !nduced by doping or a -de-
charge, andc) charge or(1) Copher and2) m(’ercmun,’y ions in Hngc’quFs crease in volume is made possible k_)y the presence of mlxed-
vs the content of superstoichiometric fluorine. valence atoms both in the reservoir and in the conducting
layers. While the mixed valence of copper and the part
played by it in carrier generation i(CuQ,) layers is being
of the charge on the mercury and copper ions. In othediscussed by most authors, the significance of the mixed va-
words, only half of the positive charge produced in ioniza-lence of the cation reservoir is recognized to a lesser degree.
tion of the superstoichiometric oxygen transfers to theFor instance, the difficulties met in the attempt to explain the
(Cu0,) conducting layer, with the other part remaining in structural transformations induced by doping of copper cu-
the charge reservoir layer. As a result, only a small fractiorprates stem from the a priori rejection of the possibility that
(about 10% of ions of both species, copper in the conduct-the charge on the mercury ions can change.
ing layer and mercury in the reservoir, reside in th& state, It appears of interest to compare interlayer charge trans-
while the state of the others is2. It is universally believed fer initiated by a change in the anion stoichiometry in mer-
that copper ions with a charge 6f3 are present in high;  cury cuprates and in the most intensively studied cuprate
superconductors. For mercury ions this charge is apparentlyBa,Cu;0;_,. In both cases, the interlayer transfer is
less typical, but one obtained direct evideHder their ex-  driven by balance in the cation charge. The positive charge
istence in HgBsCuQ,, s from XPS spectra of this com- of +2 released when an additional oxygen ion is doped into
pound. YBa,Cu;Og is distributed in such a way that tw@uO,)

A neutron diffraction study of HQBZLuQ,F; yielded its  layers gain a net charge &f0.5, and the remainder is ex-
site parameters for compositions 024<0.32." These data pended in increasing the ionic charge of the chain copprer.
were combined with the results of Ref. 2 to construct theother words, about a fourth of the charge coming from the
dependence ofBaO) splitting on the amount of fluorine in excess anions transfers to the conducting layers. When ex-
the mercury layer(Fig. 4a. Fluorine incorporation affects cess oxygen is doped into HgBauQ,, the charge, which is
the splitting too, and its decrease reaches the same value0.4 for 5=0.2, divides into two approximately equal parts,

Ion charges
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with one of them increasing the copper ionic charge in the  The author is grateful to A. M. Balagurov and V. A.
(Cu0,) layers, and the other, increasing the charge on mersomenkov for fruitful discussions.

cury ions in the layers receiving the excess oxygen. The Support of the Russian Fund for Fundamental Research
charge produced in incorporation of excess fluorine into/Grants 96038 and 96-15-96478 gratefully acknowledged.
HgB&CuO, (+0.3 for §=0.3) increases the charge on the

copper ions, while the charge of the mercury ions in fluorine-

doped layers remains unchanged. . _

The above data on interlayer charge transfer have been?l'gg';fang‘ 3. W. Lynn, Q. Xiong, and C. W. Chu, Phys. Re\623462
obtained from an analysis of bond lengths and ion layer split-2a. m. Balagurov, V. V. Sikolenko, V. G. Simkin, V. V. Alyoshin, E. V.
ting. They stress the need of high-precision determination of Antipov, A. A. Gippius, D. A. Mikhalova, S. N. Putilin, and F. Boure,
structural parameters. ,Physica Clin press. . . .

Coexistence in superstoichiometric mercury cuprates of J. L. Wagner, P. G. Radaelli, D. G. Hinks, J. D. Jorgensen, J. F. Mitchell,

B. Dabrowski, G. S. Knapp, and M. A. Beno, Physic2 10, 447(1993.
copper and mercury ions with different charges may give rise*v. L. Aksenov, A. M. Balagurov, B. N. Savenko, V. P. Glazkov, I. N.
to a variety of effects, such as crystal-field rearrangement, Goncharenko, V. A. Somenkov, E. A. Antipov, S. N. Putilin, and J. J.

; _ ; _Capponi, High Press. Re$4, 127 (1995.
features in the Debye—Waller factor, a change in heat capacs ;% Armstrong, W. 1. F. David., 1. Gameson, P. P. Edwards, J. J.

!ty,_optlcal, and_ other physical properties, as this occurs in canooni, p. Bordet, and M. Marezio, Phys. RevsB 15551(1995.
ionic crystals with charged defects. 6V. L. Aksenov, A. M. Balagurov, B. N. Savenko, D. V. Sheptyakov, V. P.
Thus interlayer charge transfer in high-superconduct- G|aZ|k0V,hV. A. Somenko(v, S%) Sh. Shilstein, E. V. Antipov, and S. N.
; ; ; _Putilin, Physica Q75 87 (1997).
ors 1S doml.nated by t[he . charge ba.lance between mIXed7A. M. Abakumov, V. L. Aksenov, V. A. Alyoshin, E. V. Antipov, A. M.
Vale.n_ce cations. Appllcat|oq of a high pressure tranSfe_rs Balagurov, D. A. Mikhalova, S. N. Putilin, and M. G. Rozova, Preprint
positive charge from the cations in the reservoir to those in JINR, E14-97-234, Dubné1997, 13 pp.
the conducting layers. The actual results of incorporating ex-"S- Sth‘(KSI,leth;eg‘(’)?ﬁi gsé 4)""';‘)?]0"'. anngé i‘sf?gggkov’ Sverkhprovodi-
N . . . most’ s ; ysica .
tra dopant anlons, I_nto the resgrvow depend on what fractlor-bs_ Sh. Shil'shtein and A. S. Ivanov, Fiz. Tverd. Té&t. Petersbung37,
of the excess positive charge is transferred from the reservoirzaeg (1995 [Phys. Solid Stat@7, 1796(1995].
to the conducting layers. In the yttrium-barium cuprates this®s. sh. Shil'shtein, Fiz. Tverd. TelSt. Petersbug8, 1724(1996 [Phys.
fraction does not exceed one fourth, whereas in the mercurySolid State38, 951(1996]. _ _
. . . C. S. Gopinath and S. Subramanian, Physic23@ 222 (1994).
cuprates it may be as high as one half to one, depending on

the excess anion species. Translated by G. Skrebtsov
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Structural study of thermal-oxide films on silicon by cathodoluminescence
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A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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A study of cathodoluminescence spectra of silicon oxide films grown thermally on silicon is
reported. It has been established that the cathodoluminescence properties of thermal films are
nonuniform in depth and depend on the growth conditions and characteristics of the silicon
substrate. ©1998 American Institute of PhysidsS1063-783%8)00511-5

Growth of thermal oxide on silicon involves a variety of 2. MAIN RESULTS AND DISCUSSION
physicochemical processes, whose nature largely remains
unclear. The electrophysical characteristics of the interface, Two emission bands associated with intrinsic structural
which determine the parameters of planar devices, howevedefects, at 450 nn§2.65 eV} and 640 nm(1.9 eV), were
reflect the structure of the oxide fil. reliably identified in the luminescence spectra of amorphous
Luminescence is one of the most informative tools forsjo, films, glass, and quartz. The blue bai2d65 eV} origi-
probing defects in the structure and composition. Using &ates from the forbidden singlet-triplet transition in the
focused, high-energy electron beam for luminescence excitgjop|y_coordinated silicon molecular complex, and the red

tion offers a number of advantages over photoluminescenc%.amj(l_9 eV} is due to the presence of nonbridging oxyden.

First, the high-energy of electrorifom 1 keV up permits . . . )
. , C . . High-energy excitation gives rise to the appearance of self-
one to excite all luminescence centers existing in the oxide

including those excited in the intrinsic-absorption b&6éd8 trapped exciton emission in the 2.2-2.6-eV reglpn, namely,
eV). Second, one can obtain emission spectra from variou&t 2-6 €V for quartz, at 2.3 eV for amorphous $j@nd at

depths in the film, because electrons penetrate into thé-2 €V for crystobalite.

sample to distances depending on electron eneEgdgctrons The spectra obtained by us exhibit both bands associated
of 1-keV energy penetrate into SjQo a depth of about With intrinsic film defects, at 1.9 and 2.65 eV. The latter
200 A. band is the strongest in thermal films. In many spectra it

The main objective of this work was to probe by cathod-shows an asymmetry on the side of lower energies, which
oluminescence the structure of thermally generated, SiOcould be attributed to exciton emission in the 2.6-2.1-eV
films (defect distribution throughout the film thickness interval.

A. Cathodoluminescence of films grown in dry and humid
oxygen

1. EXPERIMENTAL TECHNIQUES . . .
Q Figures 1 and 2 display cathodoluminescence spectra ob-

The experimental samples were films of thermally pro-tained from different depths of films grown in hurr(igig. 1)
duced silicon oxide 0.15-04m thick, which were grown and dry(Fig. 2) oxygen onp silicon (type KDB-0.J).
by oxidation in dry and humid oxygen at 1050 °C. As sub-  The spectra of humid-grown films obtained from the re-
strates served plates afsilicon (BKEF-0.01 and KEL00  gion close to the interface are dominated by a band peaking
andp silicon (KDB-1 and KDV-0.)) with (111) orientation  at 2. 2-2.3 eV(spectral and2). The spectra obtained from

of the operating surface. central regions of the film no longer contain this band. In

CA'\'/II'E;:;a(th?doluminesgencg studiels were ca_r(;ie((jj ogtr]on &ectra3 and 4, a band peaking at 1.9 eV becomes promi-
o . eect.ron probe microanalyzer provide with a nent, and spectrum 5 exhibits one symmetrical band at 2.65
built-in optical microscope and a cathodoluminescence spec-
. X o eV. On the surfacéspectrunb), a new band at 3 eV appears,
trometer which permits measurements within the 270— hich i iblv due to a b . it
800-nm rangé. To study the variation of cathodolumines- which 1s POSS' y ug © a boron Impurtly. . .
cence spectra with depth, the sample was made wedge- 1n€ films grown in dry oxygen have a five times higher
shaped with a small angle by chemical etching. The spectritensity. The spectrum is dominated by a band peaking at
were taken at an electron energy of 1 keV. The electror?-65 €V. The emission of the nonbridging oxygen is very
beam scanned the wedge in steps of a few microns. Thieak.
provided a resolution in depth of 40-100 A, depending on  The maximum of the “exciton” luminescence shifts

the wedge angle. from 2.14 eV at the interface to 2.45 eV on the surface.

1063-7834/98/40(11)/5/$15.00 1797 © 1998 American Institute of Physics
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FIG. 1. Cathodoluminescence spectra of a thermally oxidized film growmsilicon (KDV-0.1) in humid oxygenl — spectrum obtained near the interface,
2,3,4,5— spectra measured from different depths of the film progressively farther away from the intérfacegar-surface spectrum.

B. Dependence of film cathodoluminescence spectra on the dry oxygen. The spectra differ primarily in the change of the
silicon type 2.2—-2.4-eV band in position and relative intensity. Films pre-

Figure 3 displays cathodoluminescence spectra obtaingepred ofn silicon exhibit this band at 2.2 eV, and the higher
near the interface from films grown on different types ofis its relative intensity, the lower is the free-carrier concen-
silicon: 1 — KDV-0.1, 2— BKEF-0.01, and3— KE-100 in  tration in the substrate.
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FIG. 2. Cathodoluminescence spectra of a thermally oxidized film growmsilicon (KDV-0.1) in dry oxygen.1 — spectrum obtained in the vicinity of the
interface,2,3 — spectra measured from different depths of the film progressively farther away from the intdrfacaear-surface spectrum.

In the film grown onp silicon, this band is shifted up to band may be associated with a change in the layer thickness
2.4 eV and has a comparatively lower intensity. If it origi- and the size of these crystallites.
nates from the self-trapped exciton emission, then the en-
hancement of its intensity in a film with a lower impurity ) _ _
concentration is only natural. Note that oxidation performed": Effect of boron impurity on cathodoluminescence
under our conditions produces on the interface a thin lowSPecta
defect SiQ layer. It is likely that this layer is made up of fine Figure 4 presents a cathodoluminescence spectrum of an

crystallites® The shift and change in intensity of the exciton oxide film containing borosilicate glass. To study the effect
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of boron impurity on cathodoluminescence spectra, borortheir thickness, an@) oxides grown on different substrates
was diffused into the oxide film. We readily see that theexhibit different cathodoluminescence spectra for all excita-
presence of boron in the film gives rise to an enhancement dfon conditions used by us.

total spectral intensity and appearance of a shoulder on the

short-wavelength side of the 2.65-eV band. This can be re-

garded as the formation of a new band at 3.05 eV. A similarty. |, sokolov and N. A. Fedorovich, Phys. Status Solid98, 151(1987.
spectrum was obtained for a film grown on KDB-type silicon 2F. Maurice, L. Meny, and R. TixieMicroanalysis and Scanning Electron
(Fig. 2). This means that the impurities contained in the sub- ,Microscopy(Les Hitions de Physique, 1978p. 527.

. . . . . M. V. Zamoryanskaya, A. N. Zamoryangkand |. A. Vanshenker, Prib.
strate enter the growing oxide film under thermal oxidation, 1qp, Esp. No. 4, 161(1987).

and modify its structure bringing about an intensity increase*a. R. silin’ and A. N. Trukhin,Point Defects and Elementary Excitations
of the band peaking at 2.65 eV and appearance of a newin Crystalline and GlassgiO, [in Russiaf} (Riga, Zinatne, 1985 243 pp.
band at 3.05 eV. SA. N. Trukhin and A. E Plaudis, Fiz. Tverd. Telé eningrad 21, 1109

To sum up,(1) films grown on silicon by thermal oxida- (1979 [Sov. Phys. Solid State1, 644 (1979
tion differ in cathodoluminescence properties throughoutrransiated by G. Skrebtsov
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The electronic properties of solids are calculated by the Green’s function method taking account
of the deformation of the atomic spheres to atomic ellipsoids by the crystal field. It is

shown that the ratio of the correlation and exchange interactions in the crystal influences the
nature of the band structure in non-close-packed solids.1988 American Institute of Physics.
[S1063-783%8)00611-X

Modeling of the electrophysical properties of solids is1. GREEN'S FUNCTIONS METHOD
topical in connection with the appearance and use of new
materials with high structural anisotropgfor example, We employed the method of Green’s functions to reach
graphite composités However, a correct description of the our stated goal.The electronic properties of solids are cal-
crystal-field-induced correlations, which lower the sphericalculated taking into account the nonspherical nature of the
symmetry of the atomic potential, is absent. At the samelistribution of the electron density in an atom. The nonsphe-
time, exchange in such materials likewise is highly aniso-icity of the electron density distribution in a solid is due to
tropic. the crystal field, which deforms atomic spheres to atomic

In the Hartree—Fock approximation the exchange potenellipsoids.
tial can be interpreted as the appearance of a “hole” in the  The characteristic features of electron scattering were
halo of positive charge of an electron interacting with anstudied taking into account the nonsphericity of the electron
electron whose spin is parallel to that of the first electrondensity distribution in the crystal. The self-consistent corre-
The correlation potential, which is neglected in the Hartree-lation potential is determined by the value of the character-
Fock approximation, can be interpreted as the appearance @fic correlation energy due to polarization effects, including
a “hole” in the halo of positive charge of an electron inter- taking account of the ellipsoidal shape of the atoms, and is
acting with an electron possessing antiparallel $pin. found by the method of Green’s functiohsthe peturbed

An analysis employing a Heisenberg Hamiltonian isGreen’s functionG,(1,2) was found from Dyson’s equation
used for the total exchange energy. It is known that the com-
petition between exchange and correlations plays a large role L L
in the theory of the magnetic properties of materfan the Gl(1,2)=Gg(1,2)+ f dldzeg(l,l)z(l,2)Gl(2,2),
other hand, polarization effects due to correlations between
electrons determine the dielectric properties and the condi-
tions of absorption of electromagnetic radiation in a solid.where Gl(l 2) is the free(unperturbed Green’s function
The complex permittivitye can be written in the form and3(1,2) is the self-energy operator.

The Fourier—Laplace transform of the electron self-
energy 2 "FSP which is the correlation part of the Hamil-
&(p.2)=1=V(p)ll(p,2), tonian in the self-consistent Hartree-Fock approximation, is
whereV is the Fourier transform of the Coulomb potential,

IT is the polarization operatop is the momentum, andis SHFSRp, )_f f
the complex frequency. This suggests that the electrophysi-

cal properties should also depend substantially on the com-

petition between exchange and correlations. HereV is the Fourier transform of the Coulomb potentidl,

Thus the nature of the band structure depends on this the polarization operatok,andp are momenta, andand
characteristic features of the correlation potential. Howevero are complex frequencies.
it is not enough to know the correlation potential to describe  The polarization operator describes the contribution of
the electrophysical properties of a solid as a whole. The obpolarization effects calculated taking account of the nonsphe-
jective of the present work is to show how the exchange andicity of the potential and the electron density of the atomic
correlation interactions influence the characteristics of theshells in a crystal which are deformed by the crystal field. In
band structure. the random-phase approximation it has the fbrm

V(p—k)Gi(z— w)dkdw
1-V(p—K)II(p—k,w) ’

1063-7834/98/40(11)/4/$15.00 1802 © 1998 American Institute of Physics
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FIG. 1. One-electron density of statesn a unit cell of germaniuma — Self-consistent correlation potentialy=2/3, a.=1; b—d — non-self-consistent
correlation potential: b —ax=2/3, a;=1(1600r7); ¢ — ax=2/3, a;=1/16m; d — ax=1, a.=1/167.

f(E,,p)—f(E,,p+Q) principles calculationsg,. is the eccentricity of the ellipsoid,
HARPH(q,Z):f dp— ¢ () =Ep+q) C39 50 is a Clebsch—Gordan coefficierd,, , is the dipole
" " moment, andd, is the angle between the dipole moment
4b d,s , and the wave vectog. The first term in Eq(1) de-
—(C5%. 22” 3Toec|dn",n|2C032(®qr) scribes the local polarization contribution of Bloch electrons.
" o€ o The second term in Eq(l) describes polarization effects
f(En,p) —f(Epr,p1t0) which appear as a result of the nonsphericity of the inter-
f P1 . 1) atomic potential and are due to the dipole moments of the
_ﬁZ+En(p)_En”(p1+Q)

electric charges.

HereE,(E,~) are the eigenvalues of the Hamiltonian of the The self-energy is the Fourier transform of the correla-
problem,n is the band indexf (E, ,p) is the Fermi distribu- tion potential of the interatomic interaction obtained from a
tion of the electron energies and momergas the electron series expansion in terms of the periodic Bloch functions
charge g is the permittivity,bg is the semiaxis of the ellip- u,(qg). For this reason, the correlation potential of the inter-
soid used to model the atoms of clusters of a solid in firstatomic interaction is found from the equation
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FIG. 2. N;,N,, and the one-electron density of statesf graphite versus enerdy taking account of the correlation interactions of rotated and nonrotated
layers. a N; — for graphite taking account of correlations determined by the rotated laygrs: energy dependence of the number of one-electron states
for two-dimensional graphite;)lone-electron density of statesfor graphite neglecting correlations) one-electron density of statesfor graphite taking
account of correlations determined by the rotated layers.

1 ’ In summary, in the random-phase approximation, the
Vc(r)=m2 J|un(q)|222'FSP(q,z)e'q'rdq. correction for the nonsphericity of the interatomic interaction
pzlem)™ N

potential changes the self-consistent potential of the elec-
2 trons in a Wigner—Seitz cell. The change in the potential of
The plasmon frequencies, at which resonance occurs, malgdectrons in the Wigner—Seitz cell is directly related to the
the main contribution to the integral. The plasmon frequenPhenomena giving rise to a change in the band width and the
cies were found numerically from the expression appearance of a band gap.

1-(2s+ V(@) I15*q,2)=0, 2. NUMERICAL MODELING

wheres is the electron spin. In what follows, the dependence At the present time, the Kohn—Sham density functional
of the plasmon frequency on the wave numbee=z(q), is  theory is the most widely used theory for performing self-
used as the dispersion relation. consistent calculations of the band structure of a s@ék,



Phys. Solid State 40 (11), November 1998 Grushevskaya et al. 1805

for example, Refs. 5—7. In principle, an exact theory re- of an electron in graphite with layers rotated #60° with
quires approximations of the exchange-correlation energyespect to one another, treating the correlation potential as an
However, the existing approximations, such as the local spiexternal potential. The calculation was performedsandp
density and gradient approximatiohsgglect the deviations electrons. The computational results show that two-
from sphericity of the electronic density of an atom de-dimensional graphite is an insulatéFig. 2). The highest
formed by the crystal field. Taking account of the electronicyalence band is separated from the lowest conduction band
correlations(2) of the electrons in the atoms of a crystal, py an energy gap of 0.063 R9.85 e\). It is interesting that
which are modeled by atomic ellipsoids, we found the eigenthe exchange is so strong that besides localization of the
functions of the Kohn—Sham equations for a density funCentjre electronic system of eight electrons of a crystal cell of
tional in the form of an expansion in linear muffin-tin orbit- 4 4phite, localization of an electronic subsystem of four elec-
als. The Hamiltoniar of the system was represented in the (4ns 5150 occurs. For three-dimensional graphite, layers with
form the same orientation are separated by layers rotated by 60°.

H=Hg+ @sct Vit Ve, (3)  Calculation of the numbeN of one-electron statedig. 23

] o shows that correlations, as a counterbalance to the exchange

whereH, is the Hamiltonian of the free valence electronsnieractions, decrease the gap in the band structure and lead
and atomlc COreses is the se[f—consstent potential calcu- overlapping of the energy bands. For two-dimensional
lated using the Poisson equatior, is the exchange poten- g, jhite the peaks in the single-electron density of states

tial, and \f/c IS t;e gorretLatloSr: tegrergiﬁ)r.] The Calf“'?t'??s form two groups(Fig. 2b), and taking account of the inter-
were periormed using the Sfatfle-exchange potential 1or o qtion with rotated layers leads to the formation of three

spin-unpolarized single-electron states. The following results .
were obtained. groups of peaks$Fig. 20.

The energy distribution function of one-electron states Thus the lifting of degeneracy fapy, electrons, which

in a unit cell of germanium has an energy gap 0.0536 Ryresults in doubling of the corresponding peak in the electron

(0.73 eV}, which is in good agreement with the experimentalden_SitY of states, is due to narrowing, right up to complete
data(Fig. 1. The gap localizes a system of eight electrons.van'Sh'r_'g’ 9f the _exchange e_nergy gap as a re_sult of _the
Subsequently, to investigate separately the contributions (ﬁorrelatlon interaction of atomic electrons beI(_)ngmg to dif-
exchange and correlations to the behavior of the electronifeTent layers of the crystal structure of graphite. The latter
subsystem for germanium, the correlation potential was cho©'ms the semimetallic properties of graphite.

sen to be non-self-consistent but with a correction faatar So, the proposed method of numerical modeling of the
For a,=1/(16007) the distribution functionn of single- electrophysical properties of non-close-packed systems can
electron states is shown in Fig. 1b. An energy gap of 0.06®e used to investigate the ratio of the correlation interaction
Ry is present, and the charge density remains qualitativel{or antiparallel spins and the exchange interaction of uncom-
the same as before. The exchange consignin the Slater pensated spin moments of electrons and their influence on
potential equals 2/3. Figure 1c shows the result of increasinghe nature of the band structure.

the correlation energy by a factor of 100. One can see that This work was supported by the Belorussian Fund for
the gap closes. Increasing exchange to 1 results in the afpundamental Resear¢Rroject No. F94-096

pearance of a gap which separates a subsystem of four elec-

trons (Fig. 1d. Therefore increasing the exchange energy

leads to the appearance of a gap in the band structure, and

the location of this gap is determined by the magnitude of the

correlation energy. The effective exchange is underestimatede-Mail: Grushevskaja@phys.bsu.unibel.by

by the amount of the correlation energy, which the initial
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Interstitial defects in silicon implanted with P and Si ions are investigated by x-ray diffraction. It

is established that the interstitial complexes formed by implantation and in subsequent heat
treatment do not contaia P atom. A model is proposed for the pRir. P atom—institial Si atom.

The pairPI consists of P and Si atoms at the same interstice which are not bound to one
another by a covalent bond. The pair model accounts for the characteristic features of the diffusion
of implanted phosphorus in silicon. @998 American Institute of Physics.
[S1063-783%8)00711-4

It is now thought that the anomalous diffusion of phos-plexes can be investigated by studying the Watkins effect —
phorus implanted in silicon occurs via the pair P atom—displacement of group-Ill elements out of the lattice sites by
interstitial Si atomt~> However, in the literature there is still interstitial Si atoms. Interstitial Si atoms arise as a result of
no information about the structure of this pair. the decomposition of complexes during heat treatment of

The following features are observed in the diffusion of irradiated samples. The process of displacing group-lll ele-
implanted phosphorus:) lanomalously high values of the ments was monitored by observing the change in the lattice
effective diffusion coefficient: with rapid thermal annealing period of the crystal. In the present work we used this
(RTA) with a duration of the order of 10 s at 900 °C it is method to investigate interstitial defects in silicon irradiated
1000 times larger than the intrinsic val(iee., the value for  with Si* and P ions.
ordinary thermal diffusion from an external soux,c® as the
annealing time increases, the diffusion coefficient ap-1. EXPERIMENTAL PROCEDURE
proaches the intrinsic value) 8or RTA the effective phos-

phorus diffusion coefficient is temperature indepgndent ina two-crystal spectrometer with parallel arrangement of crys-
the range 800-1050 °C; and, @s a result of annealing, the tals, using ClK a4 radiation, in fourth-order reflection from

maximum of the phosphorus distribution shifts toward the(lll) planes. The lattice period was determined from the

Surf?%e' sperimentall tablished temperature ind r1angu|ar distance between the reflection maxima from the im-
€ experimentally €stablisned temperature epe planted layer and substrate to within1 X 10 ¢ nm.

dence of the effective diffusion coefficient indicates that dif- Samples of ptype silicon lightly doped go=10

fusion occurs by means of a complex. As temperature 'nh—cm) and strongly dopedpf=0.005Q-cm) with boron

' M&nd irradiated with different ions were investigated. The en-
®rgy of the P and St ions was 200 keV and the energy of
the B* ions was 100 keV. The effective density of the scan-
Ming ion beam was 0.2.A-cm™2.

Isochronous annealing for 15 min was performed in
evacuated quartz ampuls. The temperature was maintained to

within £2 °C.

The x-ray diffraction investigations were performed with

of the complex. At the same time, the diffusion activation
energy of the complex must equal the annealing activatio
energy of the compleX.
As assumed earliér;® the following data attest to the
fact that this complex must be interstitial and notEoenter
(a complex consistingf@a P atom and a vacancyThe phos-
ph_or_us d|_ffu5|on coefficient increases |_f the silicon su_rfacez. RESULTS AND DISCUSSION
oxidizes in the process of diffusidnlt is known that in
silicon excess interstitial atoms are generated in the process lon implantation increases the lattice periddP) of sili-
of oxidation. Conversely, the implanted-phosphorus diffu-con. The restoration of the LP in lightly doped silicopg(
sion coefficient can be considerably decrea$sda factor of =10 Q-cm), irradiated with Sfi, P*, and B" ions, during
100*%) by predoping the layer with group-IV elemer(Se,  isochronous annealing is presented in Fig. 1. Similar curves
C). According to the data of Refs. 9 and 10 , these impuritiedor silicon lightly doped with boror{Si:B) are shown in Fig.
are traps of interstitial Si atoms operating by the Watkins2. Curve3 in Fig. 2 shows the restoration of the LP in Si:B,
substitution mechanism. irradiated with ST ions, in the process of isochronous an-
The structure of a number of interstitial complexes hasealing with simultaneous irradiation with 10 keV electrons
been established by electron spin resong&SR in irradi-  with current density 24A-cm 2,
ated silicon. However, the literature contains no data on an In the silicon layers irradiated with Siions (curvel in
interstitial complex containma P atom. Fig. 1), the first stagg100—280 °Q is due to annealing of
In Refs. 1 and 12 it was shown that interstitial com- predominantly divacanci€s.At the second stagé380—600

1063-7834/98/40(11)/3/$15.00 1806 © 1998 American Institute of Physics
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1.0= . ing with 120 and 480 °C centers are the same as the anneal-
. . 4
R 3 ing temperatures of the paramagnetic centersP6i%and
A3 Si-B3,® respectively. The SiP6 and Si-B3 centers are split

di-interstitial complexes. The complex 83 is more sym-

- metric and stable, and according to ESR Haiaforms dur-

ing heat treatment as a result of restructuring of F&i-de-
fects. These centers are both observed in a positively charged
state.

i In P* irradiated Si:B crystals, the boron displacement
stages lie at higher temperatures: 160 and 560ct@ve2 in

Fig. 2. These stages coincide with the annealing tempera-

>
N
T

Aa"trr'b.units
1

0.2} tures of Si-A5'® and Si-02!" paramagnetic centers, respec-
tively, observed in a neutral charge state. The authors of Ref.
N TV T S T S Y S R T B 16 assumed that the SA5 defect consists of two interacting,
700 300 500 700 900 split di-interstitial complexes separated by 0.9 nm. The para-
7t magnetic center SiB2 is, according to ESR data, an inter-

FIG. 1. Restoratiorha of the lattice period during isochronous annealing in stitial complex b_Ut Its Strucu_jre has _S“” not beer_‘ det_ermlned.

silicon irradiated with ions.1 — Si* (1x10%cm ?), 2 — P* (1 The concentrations of all interstitial centers identified by

x 10" cm™2), 3— B* (1x10% cm™3?). ESR are two to three orders of magnitude lower than the
concentrations of divacancies. However, estimates obtained

. ) from data on the displacement of boron from lattice sites
C) multiple-vacancy complexes are annealed, for exampleshoy that the concentrations of interstitial complexes are

five-vacancy(Si-P1 centers and others still unidentifief.  ¢omparable to the divacancy concentratishshe disparity

In silicon irradiated with P ions (curve2 in Fig. 1), besides is evidently due to the fact that interstitial complexes are
divacanciesE centers are also annealed at the first stag€goncentrated predominantly in regions of defect accumula-
phosphorus is present in the multiple-vacancy complexesions and, because of high local concentrations, the com-
increasing their anneahng temperature by 100 °C. An anneapjees interact with one another and their individual proper-
ing stage with 700-900 °Qurve3 in Fig. 1) is characteris-  tjas are not manifested in the ESR spectra.

tic for silicon crystals irradiated with B ions. The differences in the annealing temperatures of intersti-
In silicon heavily doped with boron, “reverse” anneal- {j5| complexes in silicon irradiated with Siand P ions

ing stages are superposed on the LP restoration curves. The(%%rvesl and2 in Fig. 2), at first glance, admit the idea that

stages are due to the displacement of boron atoms from lap a1oms are constituents of $i5 and Si-O2 complexes,

tice sites in silicon by interstitial Si atoms freed as a result Ofespecially since according to ESR data these centers were

the decomposition of interstitial complexes. The boron atomg,yserved in phosphorus-doped silid8i? However, these

located in siFes compress the sillicon lattice. The tetrahedrg{itferences in the annealing temperatures could be due to the
covalent radius of boro(0.08 nm) is shorter than that of the  cnarge states of the defects. In silicon heavily doped with

Si atom(0.1175 nm. When boron atoms leave the sites, theoron and irradiated with Siions, the interstitial defects are

LP of silicon increases. The two stages of “reverse” annealin 5 positively charged state. The densities of radiation de-
fects estimated from the magnitude of the change in the LP
1.0me and the displacements of atoms near the predominant defects
’ n? [0.02 nm(Ref. 18] are of the same order of magnitude as the
- :g initial charge carrier density (410'° cm™3) in Si:B crys-
- tals. Correspondingly, the annealing temperatures of the in-
terstitial defects are identical to the annealing temperatures
of the paramagnetic centers $6-and Si-B3. In Si:B crys-
tals irradiated with P ions, the defects are in a neutral
| charge state. It is known that even during implantation a
substantial fraction of the phosphorus to 70%° occupies
lattice sites, and as a result charge compensation occurs. This
= assumption is confirmed by experiments on annealing of de-
0.2 fects with simultaneous irradiation by low-energy electrons
’ in Si:B crystals irradiated by Siions (curve3 in Fig. 2). In
L L this case the annealing temperatures of the defects are the
o 500 700 same as in silicon irradiated by Rons. This is explained by
7, ¢ the fact that the interstitial defects $6 and Si-B3 trap
FIG. 2. Restoratiorha of the lattice period during isochronous annealing in nonequilibrium electrons and are transferred into neutral
silicon heavily doped with boron Bnd radiated with s, S (1g charge states S5 and Si-02 with their characteristic an-
X 104 cm2), 2 — P* (1x10% cm2), 3— Sit (1x10%cm 2, anneal- Nealing temperatures. It is interesting that the low-
ing with simultaneous electron irradiatipn temperatur€120 °Q “reverse” annealing stagécurvel in

da,arb.units
S
[~}
T

1 [l |
1700 300
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manner in the field of the elastic deformations toward their
source. For a P atom in silicon the radR$s 4 nm. If two Si
atoms enter this sphere, both atoms move toward the P atom.
One of them displaces the P atom into an interstice, and the
other Si atom is found in the same intersticePApair arises

as a result. The concentrations of defects in the implanted
layer are sufficiently high for this mechanism to materialize.
Fora P dose of 1x 10'* cm™2 and an energy of the order of
100 keV, the volume density of phosphorus atoms in the
Distance layer is about 1¥ cm 2 and the defect density is of the
order of 16° cm2.2 The P1 pairs are formed in appreciable
concentrations as long as an excess concentration of intersti-
tial Si atoms exists. As the pairs are annealed, their concen-
tration decreases and the effective diffusion coefficient ap-

Fig. 2 is weak. When defects are transferred into a neutraproaches the intrinsic value.
charge state, however, the boron displacement tigfe°0 In summary, the experimental results obtained and their
is much more intensécurve 3). The small amplitude of the comparison with published ESR data allow us to conclude
“reverse” annealing at 120 °C can be explained by the facthat as a result of implantation and subsequent heat treatment
that during heat treatment the $16 defects are rearranged stable interstitial complexes containing a phosphorus atom
predominantly into SiB3 complexes. This agrees with the do not form in silicon. The pair P atom—interstitial Si atom
ESR datd® As follows from our data, in the case of the forms when P and Si atoms appear at the same interstice.
neutral state SiA5 these defects decompose during heafThe P and Siatoms are not bound to each other by a covalent
treatment and mobile Si atoms are freed and participate ihond. The bond is determined only by the potential relief of
the substitution process. the crystal. The proposed model of the pair corresponds to all
It follows from our experiments that the pairs $i6-and ~ characteristic features of the diffusion of implanted phos-
Si-A5 as well as SiB3 and Si-O2 are one and the same phorus in silicon.
defects but in different charge states. It also follows from
these experiments that the interstitial complexes do not con-
tain a P atom. If stable interstitial complexestwd P atom
are not formed, then what is the p& which gives rise to
the anomalous diffusion of phosphorus? We think that thesy R chelyadinskii and H. I. Haki Taher, Phys. Status Solidl42, 331
pair arises when P and Si atoms occupy the same interstice(1994.
The P and Si atoms are not bound to one another by a covg:: N. Schwettmann and . L. Ke”‘(ia"' '%pp'- Phys. La, 218 (1971).
. . . . M. Yoshida, J. Appl. Phys48, 2169(1977).
lent bond. The bond |s.determ|ned by the _potenna! relu_ef ofeR. B. Fair and C. C. Tsai, J. Electrochem. Sb24 1107(1977.
the crystal(Fig. 3. In this scheme, the barrier for migration 7p_a. Antoniadis and Moskowitz, J. Appl. PhyS3, 6788(1982.
of an individual phosphorus atomh‘ﬁ. For the paiP| this 8V. A. Burenkov, M. Jadan, and A. R. Chelyadinskii,Rmoceedings of the
barrier =i is evidently lower. This determines the higher Conference on lon Implantation of Science and Technolbgeczow,
Loom o . ' Do . Polska, 1997, p. 108.
m_ob|I|t3_/ of aPI pair compared Wlth an isolated P _atom. I_:or 9G. D. Watkins and K. L. Brower, Phys. Rev. Le86, 1329(1976.
this pair, as follows from experiment, the annealing activa-°n. |. Berezhnov, A. R. Chelyadinskii, M. Jadan, and Yu. R. Suprun-
tion energy of the complex equals its diffusion activation_Belevich, Nucl. Instrum. Methods Phys. Res7B 357 (1993.
energy. When the palP| acquires energy above the barrier 1IN. I. Berezhnov, \(/ F.;telmakh, and A. R. Chelyadinskii, Phys. Status
) . ) o ; Solidi A 78, K121 (1983.
Ep, it can hop 'WO a nelghborln'g mtersyce asa whole or thezy | ‘Berezhnov, Yu. R. Suprun-Belevich, A. R. Chelyaditisiind Kh. 1.
atoms P and Si can hop into different intersti¢decompo- Khaki Takher, Izv. Vyssh. Uchebn. Zaved. Fiz.55 (1991).

sition of a paw The probabi”ties of these processes do n0t13V. A. Botvin, Yu. V. Gorelkinski, V. O. Sigle, and M. A. Chubisov, Fiz.
depend on temperature Tekh. Poluprovodn.6, 1683 (1972 [Sov. Phys. Semicond6, 1453

. (1972)].
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The steady- and nonsteady-state passage of light through a ring resonator in the presence of two-
photon excitation of biexcitons from the ground state of the crystal is studied. The values

of the parameters for which complicated nonlinear temporal formations are possible in the system
are found. The possibility of observing the predicted effects experimentally is discussed.

© 1998 American Institute of Physids$1063-783#8)00811-9

In the last few years a great deal of attention has beeabsorption of light in CuCl crystal was first observed by Gale
devoted to cooperative processes in the excitonic region aind Mysyrowicz:3-1°
the spectrum. In Refs. 1 and 2, a theory of optical bistability ~ The present work is devoted to the study of the steady-
and dynamic chaos in the excitonic region of the spectrum i@nd nonsteady-state passage of light through a ring resonator
constructed in the ring-resonator geometry on the basis of th@ the presence of two-photon excitation of biexcitons from
Keldysh equations. In Ref. 3 it is predicted that the observathe ground state of the crystal. The values found for the

tion and breakdown of dynamic optical chaos are possible iffarameters for which complex nonlinear temporal forma-
dlons are possible in the system are found. The possibility of

a system of coherent excitons and photons exposed to FE ing th dicted effect . tally is di q
external periodic force. Reference 4 is devoted to the stud)9 serving the predicted etlects expenmentaly IS discussed.
Let us consider the phenomenon of optical self-

of steady- and nonsteady-state optical bistabii®), mul- organization in the simplest model of a ring resonator. The

tistability, optical switchings, and self-pulsations in a systemphotons of the propagating pulse excite biexcitons from the

of coherent excitons and biexcitons in semiconductors, takground state of the crystal as a result of the two-photon ab-
ing account of the exciton-photon interaction and Opticalsorption process.

conversion of excitons into biexcitons. In Ré&fa theory of The Hamiltonian of the problem consists of a sum of
OB and autooscillations in condensed media with the particiqamiltonians of free biexcitons and the field and the Hamil-
pation of excitons and biexcitons is constructed. A CuClonian describing the interaction of the field with a system of
crystal, for which convincing experimental proofs of the ex-coherent biexcitons. In the model adopted the interaction
istence of a biexciton are available, is chosen as the model. Hamiltonian has the form

is shown that both regular and stochastic self-pulsations with

formation of complicated limit cycles and strange attractors . = —hy(E"E"b+b"E*E™), (1
in phase space are possible depending on the parameters of
the system. whereb™* is the biexciton creation operatore ands a con-

Biexcitons, predicted by Moskalenkand Lamperf,are  stant characterizing two-photon excitation of biexcitons from
widely used to interpret new absorption and luminescencehe ground state of the cryst&landE " (E ™) are the positive
bands in semiconductors. Biexcitonics has essentially benegative-frequency component of the electric field of the
come an independent field of condensed-state physics. Thdectromagnetic wave.
most convincing experimental proofs of the existence of  The equation of motion for the amplitude of the biexci-
biexcitons are based on observations of two-phonon excitson waveb has the form
tion of biexcitons from the ground state of the crystaucCl,

CuBr, and othens®**Moreover, Hanamurd was the first to _db
show that the process of two-photon excitation of biexcitons "ot
from the ground state of the crystal is characterized by a

gigantic oscillator strength. As a result, the method of tWO'Whererbiex is the biexciton formation energy ang, is the
photon excitation of biexcitons is now widely used for the pjexciton decay constant, which determines the rate at which
experimental investigation of biexciton states. Here the abquasiparticles leave the coherent mode into incoherent
sorption band has a narrodi#function-like shape. The direct modes and was introduced into the equation of motion phe-
creation of biexcitons on account of the giant two-photonnomenologically.

zwbiexb_iymb_ME+E+r 2
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Eq 20— wpjey al Arhe Ym
£ £ o=———% C=—, a=—7 "
I [ 1 T ¥m T kc?u
L 1
7| o L 2 =ty
l c’kT w?—c?k? B
o= , = , B=—, B.= h,
L ¥Ym 20Ym Bs M
’ we obtain the following shortened equations:
R=1 R=1 c?Xl g (9Xl
FIG. 1. Diagram of the ring resonatdg, , Er, andE; — amplitudes of the ar oC(XzB1=X,By) — T 9z AXa, ®)
incident, reflected, and transmitted fields, respectively.
(9X2 g (9)(2
?:UC(XlBl_Xsz)_?E"‘AXl, (6)

Since the photon mode is coherent and its amplitude is .
macroscopically large, the problem can be solved semiclas- I 6B,—B;—2X,X5, )
sically using the wave equation
_ B
PET  9’E* — JEb 2 5B.—B.,— X2+ X2
c? TS =8whu > 3 ar OBy~ Ba = Xo X1, ®)
0z ot ot

whereX;=Ree™, X,=Ime", B;=ReB, andB,=ImB.

The system of nonlinear differential equatiot®—(8)
cribes the spatiotemporal evolution of coherent biexcitons
and photons in condensed media in the approximation of
Et=efexpikz—iwt), b=Eexq2ikz—2iwt), (4 smooth envelopes and is the basis for the subsequent analy-

. ) sis. Finding the exact analytical solutions of a system of
wherew is the frequency of the electromagnetic wave.  onjinear partial differential equations is a very difficult

_ For the subsequent analysis we shall use the approximaj;ohiem. However, the main features of the nonlinear pas-
tion of slowly varying envelopes, which is valid if sage of light can be found in the mean-field model, widely
employed in the theory of optical bistability. Mathematically,
<kle™|... . it corresponds to replacinggE(X)dX by E(L)L.
In this approximation, Eqg5) and(6) can be integrated

This means that the envelopes are quite smooth functiongyer the coordinate
compared with the rapidly oscillating part.

Since the study of OBs, optical switchings, and self- dXy (C(XZBl_XlBZ)_é

T

We shall represent the solutions of E3.and(3) in the
form of a product of slowly varying envelopes and rapidly d
oscillating components es

+

‘ +

<w|e+|, ‘

at Jz

pulsations presently is characterized by the fact that these d7 7

phenomena are studied for specific optical devices with the R

appropriate experimental geometry, we shall study biexci- + —(chosF—XzsinF)—Axl—Y), (9)
tons in the ring-resonator geometry. Let a sample of lehgth T

be positioned between the entrance and exit mirrors of the dX, X,

resonator, which are characterized by a transmission coeffi- F:g( C(X;B;+X,B,)— T

cient T. The two other mirrors are assumed to be ideally
reflecting(Fig. 1). The boundary conditions for the ring reso- R
nator have the form + $(X2005F+X15in|:)+ﬁxl), (10)

E(ON)= \/TE|+RE(L,t—At)e'F, Er= ﬁE(L't)' where boundary conditions were used for the normalized
where E, is the field amplitude at the resonator entranceamplitudes
(pump, E7 is the field amplitude at the resonator exg, A
=pl—9r is Ihe reflection coeFf)ficient of the mirrotsand2 of | ¥ RLXa(LtmADCOF =X (L t=ADSIE ] =X, (01),
the resonatorAt is the delay time due to feedbackt R[X,(L,t—At)coF + X, (L,t—At)sinF ]=X,(0,t),
=(L+2l)/cq, cq is the speed of light in vacuunk =kL
+ko(2l +L) is the phase shift of the field in the resonator, Y\ 3 Y\ 3
andk, is the wave vector of the field in vacuum. E1=Y(—) , ET=X(—> .
Substituting the expressiorid) into Egs.(2) and(3) in B #
the slowly-varying-amplitudes approximation, neglecting ef-  The equation$7)—(10) describe the dynamical evolution
fects due to spatial dispersion of the biexcitons, which in theof coherent photons and biexcitons in the mean-field ap-
essential region of the spectrum are of no consequence, apdoximation. In the stationary casedX;/d7=dX,/dr
switching to the dimensionless quantities =dB;/dr=dB,/d7=0) we obtain an equation of state that
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FIG. 2. Steady-state dependence of the ampli¥Xidef the radiation exiting
from the resonator on the amplitudé; of the incident radiation for the
parameter€=2, F=7/2+2mn, §=2, 0=0.1,T=0.1(a), parabolic shape
of the external puls¥ (b), shapeX of the pulse at the resonator etg), and

FIG. 3. Steady-state dependenXg(Ys) with parameters==2zn, c=2,
6=2,0=1,T=0.1(a), parabolic shape of the external pul¢édb), pulse
shapeX at the resonator exit), and dynamical dependengY) (d).

the dynamical dependene€Y) (d).

computer experiment in which the system of nonlinear dif-
ferential equationg7)—(10), which describes the dynamics

determines in the mean-field approximation the amplitudeof coherent photons and biexcitons, taking acount of the

X Of the output radiation as a function of the amplitudg

of the incident radiation:

boundary conditions for a ring resonator is solved numeri-
cally with the external pumy¥(7) being a parabolic function

, o, 1-RcosF X2 2 of time (Fig. 2b). The resn_JIt of the ex_pe_riment is presented in
Y= X4 T > Figs. 2b—d. A deformation of the initial pulse is observed
1+6 (Fig. 29, and the system tends toward stationary behavior
. 2 (Fig. 2d. The result of the computer experiment can be com-
RsinF A X0 . :
+ - i (11  pared with the experimental results of Refs. 17-19.
T o 1+ 6° For high incident-radiation intensities there appears a

Figure 2a displays the steady-state dependence of tgction where the stationary states are unstdbte 39. The

amplitudeXg; on the amplitudey, for low intensities of the
incident signal. As one can see from the plot, this depen-
dence is single-valued.

for low incident-radiation intensities.

a
An important and fundamental question is to investigate  y X
the stability of stationary states. The investigation of the sta- 6L
bility of stationary states with respect to small perturbations a
is determined by the characteristic equation for the Jacobian |
of the system(7)—(10). If all roots of the characteristic equa- 4 4
tion have a negative real part, then the corresponding station-
ary solutions are stable with respect to small disturbances. i ! ] L j
The stability of the stationary state for different values of the 20 25 Jot 0 40 8
parameters and with different intensities of the incident ra- b ~
diation was investigated using the Routh—Hurwitz criterion.  x F X
As one can see from Fig. 2a, all stationary points are stable 10
As a rule, in an experiment, pulses having different 10 H N “ ‘
shapes are fed into the resonator and their deformation at the i1l “ St
exit is analyzed. Such an experiment was first performed by “
Bischofberger and Shéfi. The behavior of a nonlinear | L i 0 1 )
20 25 Joc 0 1700 8

Fabry—Perot interferometer, filled with a Kerr medium, un-
der the action of pulses of different shape was studied theoF—

IG. 4. Temporal evolution of the system with a constant pump and param-

retically and experimentally. The authors obtained excellenttersF =27n, =2, 5=2,0=1, T=0.1. a—Y =60, evolution of the point
agreement between theory and experiment. We performed Aa(Fig. 39, b—Y =65, evolution of the poinB (Fig. 33.
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Resonance states of the continuous spectrum of a bounded crystal near the critical
points of volume bands
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The conditions for the existence of resonance electronic states near the critical points of volume
bands are obtained. It is shown that resonances of this type are qualitatively different from

surface resonances associated with states induced by an image potential. The manifestation of such
“volume” resonances in the scattering of very slow electrons by & Fisface is studied.

© 1998 American Institute of PhysidsS1063-783#8)00911-3

It is important to study the manifestations of the elec-  The extension of this view to all situations of electronic
tronic energy bands of an unbounded crystal in the continuscattering by the surface of a crystal is not justified, either
ous spectrum of a semiinfinite crystal, in the first place, fromtheoretically=*'° or experimentally. The latter is demon-
the stand point of general theory in order to clarify the “ar- strated by recent investigations of surface states by
rangement” of the states of the continuous spectrum of @olarized-electron spectroscdpyor by the method of Ref.
bounded crystal, this “arrangement” being in may respectsl4, where selective adsorption and desorption of low-energy
very different from that obtained in the often employed free-electrons in the scattering by the surface of a crystal were
electron rnodezl-__4 In the second p|ace, this information is first observed and it was shown CIearIy that capture of elec-
necessary in order to interpret the experimental data correctffons into quasistationary Rydberg-type states does indeed
because states of this type are directly involved in electroniéake place and is responsible for the observed effect.
scattering  processes(low-energy electron diffraction In the present work the conditions for the appearance
(LEED)) or photoelectronic emission. Specifically, the ex- an_d the character of Iong-li\_/ed resonances near the critical
trema of volume bands that fall within the energy range ofPCints of volume bands are investigated.
the continuous spectrum are responsible for the peaks of the
effective cross section of phototransitions from surface
states. The position of the critical points of the volume dis- 1. MODEL
persion law of electrons is clearly correlated with the fine For mathematical convenience we shall consider two
structure of the energy dependence of the very-low-energgemiinfinite crystalgSIC9, occupying the spaces< —L/2
electron-reflection coefficient of a crystal surfd@This cir-  andz=L/2. The widthL of the vacuum gap is assumed to
cumstance is now used successfully to determine experimemacroscopically large, so that the crystals do not interact
tally the final states of the photoemission process. In combiwith one another. If the source of electrons lies near the
nation with photoelectron spectroscopy this opens up theight-hand SIC ¢=L/2), then the observation time
possibility of reliable experimental reconstruction of the en-t<2L/|V,|, whereV, is the velocity component of the re-
ergy bands in the near-Fermi regibn. flected electrons that is perpendicular to the surface, the left-

The source of the connection between the states in thband crystal does not contribute to the measurement results
continuous spectrum of a bounded crystal and the states @hd the wave packet of the scattered electron in this system
an infinite crystal is the asymptotic behavior of the waveis the same as the wave packet corresponding to only the SIC
function of the scattering electron in the interior of the crys-occupying the half-space=L/2.
tal, or in the language of the dynamical theory of diffraction, =~ The quasistationary states satisfy the Lippman—
the relation between the transfer matrix and the “matching” Schwinger equation, not containing the incident wave, with
matrix® It is known that, in principle, the quasistationary complex energE. In the unit cell) of the SIC we have
(resonant states can strongly influence the scattering ampli-
tude and the wave functions of the continuous spectttim. W(rk,E)= —f Gy(r,r SE)V (1)

However, their manifestation in a concrete physical situation o

is by no means always clear. An example is the discussion +V_(r")]¥(r';k,E)dr’,

that took place at the beginning of the 1980s of the role of .

surface resonances in the formation of the LEED fine struc- ¥ (T +Rn K. E)=expik-Ry)W(rk,E), @)
ture near diffraction threshold8-*2As a result, the point of wherek is a two-dimensional reduced quasimomenttRy,
view developed that interference processes play the leading the translation vector of the Bravais lattice of the SIC,
role and the contribution of surface resonances to thé&,(r,r’;E) is a Bloch Green’s function in the variable
“threshold” effect is negligibly small. =(x,y) for free electrons

1063-7834/98/40(11)/4/$15.00 1813 © 1998 American Institute of Physics
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ei E_(k_gﬂ)2|z_z,‘ G(W)(rr/.k k(l) E-i(S)I id(ﬁn(KCir)(bn(Kc:r’)
VE=(k=g,)? o (kD — k() 928, (K ) 9K?
(2

i . )
Gk(r,l’,;E):Z_ng gl (k+g,)-(u-u’)
n

+~ ’. (1) o
Sis the area of a section of the c€ll by the surface plane of Glrrikke™, E=i9),

the crystal,g, is a two-dimensional reciprocal-lattice vector (7)

of the SIC, andV., (-(r) is the potential of the righttleft) \hore g is the interplanar spacing in the SI@,, are the

hand SIC. . e ) )
. . wave functions of an infinite crystal, amﬂl is a solution of
Of course, the solutions of E¢l) with zero and nonzero the equation y

V_ are not the same. The wave packets of the scattered states

corresponding to the two formulations of the problems are &, (k,k,)=E—i§, (8
equivalent only in the sense indicated above. When vacuum o _ )
absorption, which is always present in real experiments angtch that _|m6’5n(!<'kz16(|157, 6))/ k) <0, which gives the
is taken into account below by introducing the appropriate COrrect” (increasing™®*"asymptotic behavior of the qua-

optical potential, is taken into account, there is actually ncsistationary states in the limitz|—o; G(r,r';k,k",E

limit on the measurement time for macroscopically latge  — i) is an analytic function ok{".
We represent the potential of the SIC in the form Using Eg. (7), we write Eqg. (6) for the function
Vo (D) =[VE(r) +ios]O(+2—L/2) Pk, B)=VW(N)[¥,(r,E) as
+io,O(Fz+LI2)+U.(u L2+ 2), 3) F(rik,E)=K(kk{'(E,§)F (rk,E))
where®(x) is the Heaviside functiory)(r) is the poten- idn(r,K o) V]W(T)|
tial of an unbounded crystadg (,,>0 is the imaginary part + (k(zl)(E,5)—k(zc))azgn(Kc)/(?ki

of the optical potentidP that describes absorption in the

three-dimensional(vacuum region, o,<og; U.(u,L/2 . - .. ,

+7) is the surface-screening function, which is zero suffi- X de)n(r K VW(r ) E(r';k,E)dr’,  (9)
ciently far from the crystal surface. We assume that the real A

part of the optical potential is included M*) andU . . where K is an integral operator with the Kkernel

VIW(N)[G(r,r';k,kM  (E—i8)) yW(r") which is analytic as
a function ofk{¥) and, by virtue of Eq.(5), vanishes for
sufficiently large|z| and |z’|. Under these conditions the

bounded inverse operator {IK) ! exists'® and Eq.(9) be-

2. CONDITION FOR THE EXISTENCE OF RESONANCES
NEAR THE CRITICAL POINTS OF VOLUME BANDS

It follows from Eg. (1) that comes
[1+G(E)(V4+V_ )W (E 5)_k<c)_ﬂn(k,k(zl)(E,5)) a9
=G (E)G() (E—i8)[1+G(E—is) W]V, £ L 12028(K o)l k2
(4)  where

whereG, andG{*) are the Green’s operators of a free elec- L. id X
tron and an electron in an infinite crystal with the Hamil-  Ba(k.K ))=ijVW(f)d’:(f,Kc)(l—K)_l
tonian

A = — A+ V() XNIW(r)| (1K o)dr.
and 6=og—o,>0. The function The condition for Eq(10) to be solvable is the condition for

’ . . the existence of a resonance.
W(r;og,0,)=[V*(r)+i(og—0,)][0(z—L/2) If the z component of the reciprocal effective mass ten-
—0(z+L/2)]+U, (u,2)+U_(u2) (5) sor is large at the critical point, more precisely, if
+ ) — 1

vanishes for sufficiently largg]. Mg 1 7%5,(Ko) "

Therefore if a solution of the equation m* ) k2 > P(k.kz7), (1)

z z

&%) (B _ )
[1+ G (E=IOWN)]¥(r.E)=0, ©) then, as follows from a theorem due to Rout¢h&q. (10)

exists, then a solution of Eql) also exists. has as many zeros as the functid®(E, 8) —k{%, i.e. one.
Let us consider the conditions under which a nontrivialHence, for fixeck andE there is precisely one quasistation-

solution of Eq.(6) exists. At the critical point of thea-th  ary solution.

band of an unbounded crystaE(K.)/ok,=0, whereK, In the opposite case of large effective masses, small

=(k,k§°)), while &,(k,k,) is the volume dispersion law for changes inW(r) will take the root of Eq.(10) out of the

electrons. Then, nedf. the Green’s function of an infinite vicinity of the critical point. This indicates that the probabil-

crystal can be representeds ity for resonance features to appear in the scattering of an
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Three types of peaks can be clearly seen in the structure
of dl/9E: 1) a dominating structure, corresponding to peaks
in 1(E) with half-width greater than 1 e\the distance be-
tween the nearest extrema in the cutVéJE); such a width
of the peaks shows that the electrons penetrate quite deeply
into the crystal and this, together with the elastic character of
the interaction, manifested in the clearly expressed depen-
dence ork, indicate that the peaks are associated with the
volume band structur® 2) narrow peaks, which are very
sensitive to the surface state, near the diffraction thresholds
(A, A’, B, andC in Fig. 1); these peaks are entirely justifi-
ably attributed in Ref. 20 to the threshold def&tt?which
the authors, following convention, sometimes term a surface
resonance; and,) 3he third type of structure, lying in Fig. 1
to the left of the lower diffraction threshold, corresponds to
70 20 30 peaks inl(E) with width less than that of the type-I peaks

E-E ac,eV but much greater than that of the type-Il peaks. In Ref. 20
this structure is hypothetically interpreted as a surface reso-

FIG. 1. 91/9E spectrum of T-TiS,. The polar angles of incidence of the nance with large electron penetration into the interior of the
primary beam are indicated near the curves. The bars mark the diﬁraCtiOErystal

thresholds corresponding to the vect 5), 3), 4, and2g, in . . . .
Fig, 2. ponding 055 02(%2). Galda). O % It is evident from Fig. 1 that the type-IIl peaks lie next to

the maxima or minima of the type-I structure @f/JE, i.e.
they are located near the critical points of volume bands.
According to Eq.(10), for a definite character of the volume
bands (n* B<1), a quasistationary state with a compara-
r}ively long lifetime 7 exists in a small neighborhood of the
real energyE.=¢&,(K.) (the energy of the resonanég, is
close toE. and therefore InmEg) ~ 1/7 is smal). This situa-

d1/dE,arb.units

electron beam with momentump (k, VE.—k?) is low on
account of the short lifetime of the quasistationary state i
this case.

We note that because the solution of E4Q) is a con-
tinuous function ofk the resonance statém any case lo- ton i bablv devel in th ) t under stud
cally) form a bandEr=Er(k,8) which is imbedded in the -°on 'S Probably develops in the experiment under study.

: . It is important to note that according to E¢LO) the
f th f th f th
;?gtlnuum of the states of the continuous spectrum of t eenergy (REE(K.k®: 8)]) and width (Im E(kk:6)]) of

the resonance peak are determined by the quantities that

characterize the volume band structure, though, of course,
3. COMPARISON WITH EXPERIMENT according to the derivation of Eq10), the presence of the
crystal surface is necessary. This qualitatively distinguishes
resonances of this type from surface resonances, which de-
pend strongly on the form of the potential barrier. Following
Ref. 21, it should be called a “volume resonance.” The hy-

othesis that such resonances could exist was advanced in

Ref. 22 on the basis of an analogy with single-center scatter-
ing under the condition that the resonance falls within a
neighborhood of the branch point of the scattering amplitude
of a SIC, which the critical point of the volume bands'is.

In the context of the present work, we shall examine
experiments on the diffraction of very-low-energy electrons
(E<10-15 eV), where the critical points of volume bands
appear explicitly and therefore resonances associated wit
them can also appear.

Figure 1, which is taken from Ref. 20, displays the en-
ergy dependence of the absorbed currgi) in the 1T
phase of Ti$ for different polar angles of incidence of the

initial beam, propagating in the directidh—M of the two- If the splitting betweerEg andE is not too small, then
dimensional Brillouin zoneFig. 2). the intensity of the resonance peak has the Breit—Wigner
form®
2 o
E,é
re=~~ T i L IR(E)= Eo (12
iy, e (E—Er(k))?+T2
4 ——— ~g —_ﬁ, K ”—i "~_.
gz" 7 g‘f
932[ L where b(E,5) depends weakly on the energyg(k)
M =Rg Egr(k, )] is the real projection of the dispersion law of
r quasistationary statdsand I'=Im[Er(k,5)] is small. This

M K situation is closest to the case of normal incidence of elec-
trons on the Tig surface(Fig. 1). In Fig. 3, the contribution
FIG. 2. Surface and volume Brillouin bands of the compoulidTis,. g, €xtracted from the experimental curve to the structure of
— two-dimensional vectors in the reciprocal lattice of a semiinfinite crystal. dl / JE at E~4 eV is compared with the energy derivative of
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0.6 tensity is escribed by the crystal analog of the Breit—Wigner
formula; and, 5 it follows on this basis that resonances of
the indicated type must be taken into account in order to
extract the structure ofl / 9E that is associated with the criti-
cal points of volume bands in the experimental determination
of the dispersion of the final states of the photoelectron emis-
sion processand reconstruction of the occupied bands.

L)
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A study of recombination kinetics in L5 (LBO) crystals by time-resolved luminescence and
absorption spectroscopy is reported. An investigation of the kinetics of transient optical
absorption(TOA) and luminescence under ns-scale electron-beam excitation performed within a
broad temperature range of 77-500 K and a 1.2—-5-eV spectral interval has established that

the specific features in the recombination kinetics observed in LBO involve electrdticaBd

hole, O, trapping centers. The TOA and luminescence kinetics, as well as their temperature
dependence, are interpreted by a model of competing hole centers. Relations connecting the
kinetics parameters and the temperature dependence to the parameters of the main LBO

point defects are presented. ®98 American Institute of Physid$$1063-783@8)01011-9

The very first publications reporting development of ax 10> A-cm™2. The shortest time resolution in these condi-
technology for growing massive lithium triborate l3Bs  tions was 4 ns. The measurements were carried out in
(LBO) crystals of optical quality, and investigation of the vacuum within the 1.2—5.0-eV spectral interval at tempera-
main physical properties of this compound, have establisheglires from 77 to 500 K. A detailed description of the experi-
LBO as one of the most promising optical materials for usemental set-up is presented elsewh¥re.
in present-day nonlinear and integrated optitsdeed, this LiB 305 crystals of high optical quality were grown by
crystal combines unique characteristics, such as compar®@|’khovaya and Maslov by a modified melt-solution
tively high nonlinear coefficients, a broad optical transmis-method® The main crystallographic parameters of the LBO
sion band(159-3500 nmy a high surface-destruction thresh- crystals produced were in close agreement with those in Ref.
old (24.6 Jcn? for a laser pulse duration,=1.3 ns and 25 16,

GW-cn? for 7.,=0.1 n3, chemical and mechanical stability

and m0|§ture resistanéé. Not the least in this list is the 2 EXPERIMENTAL RESULTS

large width of the angular and temperature phase-

synchronism ranges; for example, the conditions for noncriti-  Irradiation of LBO crystals with an electron beam at
cal phase synchronism for wavelengths from 1025 to 13407 K results in a build-up of induced optical density with
nm are reached within a temperature region frertB0 to  increasing number of excitation puls@g<g. 1). No decay of
180 °C* At the same time our knowledge of the nature of thethe optical density at 77 K on the time scale studied has been
radiation hardness and optical stability of LBO, electronic-found. At the same time the induced optical density saturates
excitation dynamics, electronic structure, point defects, andavith electron flux increasing by less than an order of magni-
recombination processes is still inadequate. For instancéude (Fig. 1). Above the temperature interval within which
Ref. 5 reports a preliminary investigation of point defects,carriers are released from the main trapping cent&d®—
broad-band UV luminescence was revealed and its mai@40 K, Ref. 1%, one observes transient optical absorption
properties studief;® and the electronic structure of perfect (TOA) assignet? to electronic transitions from LBO
and defective LBO crystals were examined experimentallyalence-band states to a local level of the hole €@nter. It
and theoretically=*? Transient optical absorption of LBO was proposeld to approximate the TOA decay of LBO at
was detected, and its study beddn. 298 K within the 0.1us—10-ms range with a sum of two

The objective of this work was to study the kinetics of exponentials in the.s range and one exponential in the ms
recombination processes in LB crystals by time-resolved range. To test the validity of this approach, we have esti-
luminescence and absorption spectroscopy. mated the effect of excitation density and temperature on the
TOA kinetics. Indeed, variation of the electron beam current
(excitation densityfrom 12.5 to 23% of the maximum level
changes not only the magnitude of the induced optical den-

The study made use primarily of luminescence and absity but, to a certain extent, the parameters of the decay ki-
sorption spectroscopy with nanosecond-scale resolution. Thaetics(Table |). The best fit to the TOA decay curve in the
excitation was provided by an accelerated ns-scale electrons range is obtained by using a sum of two exponentials
beam with E.,=0.25 MeV, t;,=3—-130 ns, andj,»,=2  whose time constants are comparable in order of magnitude

1. EXPERIMENTAL DETAILS

1063-7834/98/40(11)/6/$15.00 1817 © 1998 American Institute of Physics
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FIG. 1. (1) Build-up of induced optical density in LBO in the 3.8-eV region
measured at 77 K vs excitation pulse numbeat 23% beam power2)
variation of initial TOA intensityAD with beam power at 298 K, and
characteristic TOA decay kinetics pattern obtained in the 3.8-eV baf8] at
77 K and(4) 298 K.

Optical density InD
=
>

to the carrier lifetimes for the trapping centers involved. Be- = _4 o
sides, while the parameters of the exponentials in gise

range depend to some extent on excitation deriség Table

I), they exhibit noticeable stability. Therefore in the study of 20
the temperature dependence of LBO TOA decay in glse
range we used an approximation of the form

FIG. 2. Temperature behavior 61,2) time constants an(B-5) initial in-

D(t)=Dqgexp(—t/7.;)+Dogexp(—t/7.,)+Da, 1 tensities for(1,5) the first,(2,4) the second components, a(8] experimen-
(t) 10€XP( al) 208XP( 32) s ( ) tal TOA decay kineticD (t). Symbols — experimental data, solid line —

whereD p and Dy are the initial values and,;, 7,, are the  assumed relation.
time constants of the LBO TOA decay components, Brd

is the constant componeribf the ms-range exponentials ) )
which do not decay significantly on the time scale underPerature intervals near 440 and 500 K are not accidental.

study. Table | presents these values for room temperaturé.ndeEd' trapping centers with delocalization temperatures of
The initial TOA level, D,=D (t=0), decreases with in- 450 and 510 K were found to exi$&t.The time constants of
creasing temperature in the 298—500 K range. One can sepoth TOA decay components decrease monotonically with
rate three characteristic portions in tH,(T) curve: increasing temperature with close activation energies of
298-370 K, 370—440 K, and above 440 K. The first of themaPout 200 me\Fig. 2). At the same time the prefactors for
exhibits insignificant change iD, (T). Within the second the fast and slow components are different, 1.0 and 0.05
and third portionsD,, (T) decreases by a few times, with the GHz, respectively. 'I_'h|s indicates a complex decay patt_ern
rate of this decrease increasing considerablyTror440 K.  for TOA centers, with more than one type of defects in-
The corresponding activation energies for these portions ar¢°lved in recombination. . _
estimated as 60 and approximately 400 meV, respectively EXcitation of the LBO crystal within the 77-350 K in-
(Fig. 2. The fitting parameters likewise exhibit a depen-terval was showt to produce a fairly strong pulsed cathod-
dence on temperature. For instance, the initial intensities dgpluminescence. One could expect that its manifestation in
the Dy, and D5 components decrease with increasing tem-this experiment, with the sample excited by a heavy-current

perature, with an activation energy of about 60 meV. Theeléctron beam, would be still stronger. An additional contri-
intensity of the fast componerid,,(T) varies within the bution to the detected light signal due to pulsed cathodolu-
280-370 K interval in opposite relation wit,,(T). As the minescence could affect considerably the TOA kinetics. An
temperature is increased still mo,,(T) and Do (T) be- estimation of this contribution showed, however, that even in
gin to vary in a similar wayFig. 2). The characteristic tem- the short-wavelength region of the spectrum it does not ex-
ceed a few percent of the probing light beam and, therefore,
cannot affect noticeably the observed TOA kinetics. Figure 3
TABLE . Effect of excitation power on LBO TOA decay kinetics at 298 K. presents pulsed-cathodoluminescence spectra measured di-
rectly after the end of the excitation pulse angu later.

Pex, % D D - -

e Ds 2 3 Tal) B3 Tazs M3 One observes a certain broadening of the spectrum of the fast
12,5 0.03 0.06 0.06 1.2 10 component compared to that of the slow one. At the same
23.0 0.11 0.11 0.12 15 15 time their spectral profiles are basically similar and consist of

— : — the same main elementary bands of Gaussian sl@apand
Note P, — excitation power;D,, D, — initial values, andr,y, 750 — . . . . .
time constants of the exponential TOA decay compondds:— constant G2, With maxima at 3.5 and 4.2 eV. Their amphtpde ratio
component of the ms-range exponentials. Im(G)/1,(G;)=0.23, and the degree of polarization at 3.8
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wherer; andr, are the cathodoluminescence rise and decay
time constants, which at 298 K are 1.5 and 25, respec-
tively, andl, andl are parameters characterizing the initial
pulsed-cathodoluminescence intensity and the relative ampli-
tude of the rise in absorption. The temperature dependences
of the experimentd]l (0)=1 (t=0)] and calculated param-
eters (1, 7o, 1p) plotted in Arrhenius coordinates are
straight lines(Fig. 4) with activation energies of 130 meV
[1(0)], 310 meV (1), 400 meV (), and 90 meV [j).
Parametet ; does not exhibit any particularly pronounced
temperature dependence, namely, it increases from 0.46 at
room temperature to 0.60 at 400 K, to decline thereafter to
\ . 0.50 at 490 K. The prefactors fay, and, were found to be
2.5 ) 4.5 4.0 34 and 140 GHz. Close to 440 K the pulsed-
Photon energy,eV cathodoluminescence intensity reaches a maximum, and a
fL€1rther increase of temperature brings about its falloff. It
should be pointed out that the position of the luminescence
maximum has a tendency to decrease with decreasing exci-
tation power; indeed, it is 440 K in this work, 330 K when
axcited with a low-current electron bedthand 240 K under
x-ray excitatior® This may indicate the existence of an ex-
d_ternal mechanism of thermal luminescence quenching.

8

Intensity, arb. units
IS

FIG. 3. Normalized LBO pulsed-cathodoluminescence spectra measured
298 K (1) immediately after the excitation pulse af®) 1 us later.

Q

eV is 60%. The observed luminescence is close in its spectr
characteristics to that obtairf@dunder synchrotron excita-
tion of LBO. At the same time an analysis of the pulse
cathodoluminescence kinetics under heavy-current excitation

revealed additional details, which are essential for unders piscussION OF RESULTS

standing the recombination decay in LBO. For instance, be-

sides the fast exponential with a characteristic decay time An analysis of available experimental results on the dy-
shorter than the excitation pulsé;4=7 n9 one observed namics of electronic excitations and defects in LBO, both
us-range components. Figure 4 shows graphically the kinefPublished earliersee, e.g., Refs. 13 and 17-24nd pre-

ics of pulsed-cathodoluminescence decay at 3.8 eV measuré§nted here, indicates participation of the main intrinsic lat-
at different temperatures in the above time range. These kfice defects, B" and O, in energy transport to lumines-
netics are characterized by a region of a particularly fast risecence centers and a possible involvement of the radiative
Whose parameters depend on temperature_ A forma| ana'ysfknnihilation Of defect'bound eXCitonS in the |uminescence.

of these kinetics fitted them to a relation This accounts for the pronounced effect of localized states on
the luminescence kinetics. A similar pattern of luminescence
I (t)=lo[1—I.exp(—t/7)]exp(—t/7p), (2 processes has recently been established for some other non-

linear crystals(for example, for3=BaB,0,, Ref. 22. Re-
calling the experimentally observed correlations between the

o

ST F main kinetics parameters of the luminescence and TOA in
3 4 LBO, it appears reasonable to conjecture that both phenom-
4 ® 10 '§ ena originate from the same recombination processes involv-
3 e ing the main point defects in LBO, namely, thé'Band O
§ 1 2% centers and, probably, trapping centers annealing at 440 and
2 xS 510 K. One of the most noticeable features in the kinetics of
S = recombination in LBO observed in this work is the existence
o= of a rising portion in the pulsed-cathodoluminescence decay.

Basically, one could propose a number of different explana-
tions for this procesésee, e.g., Refs. 23 and)24t the same
time the absence of such a rising portion in the TOA decay,
as well as the available additional experimental
material**>'"~?narrows substantially the range of acceptable
hypotheses. We note also that the luminescence and TOA
decay time constants are comparable, and that the pulsed-
cathodoluminescence rising component is comparable to the
'2 first component of TOA decay. At the same time the activa-
10 tion energies derived from the temperature dependence of the
luminescence and TOA do not coincide in most cases with
FIG. 4. Pulsed-cathodoluminescence decay in the 3.8-eV bariyl 288 K, T[hose Obj[amed for the r_nam LBO defects and t_ake on some
(2) 348 K, (3) 398 K, (4) 448 K, and(5) 493 K. Inset shows the temperature INt€rmediate values. This suggests that the luminescence and
behavior of the fitting paramete(8) 7, (7) 7, and(8) I,. TOA decay kinetics cannot be adequately described within

Intensity, arb. units
&

1
Decay time, ps
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/ IR/ AL, veloped here, the pulsed-cathodoluminescence decay is due
///‘}’} }‘/’"/t}”"/l },a,nd,,y/////j primarily to electronic recombination at the hole centers,

vt ot 7 It is known that competition between the main, and ad-
wy; A ditional, n,, trapping levels may in certain conditions initiate
a rise in the luminescence kinetit&2* Consider this point in
A, more detail.
3 hv Assuming A,niN~<|wn;—A;v;N*|, we use the
~ -y ) n7_4 ] )
~ solutiort™ of the problem of two competing trapping centers,
A which in the notation of Fig. 5 can be written
W
\)2 nz v n nl(t)=(n10—A)eXF(—)\1t)+AeX[X—7\2'{) y (4)
1 1
A, W, A, w, N,(t) = (Ny— B)exp(—N\q1t) +Bexp — A\, t), (5)
% ey ,
//szlenae band N where\ , \, are constants determined from the relatfns
FAIIP/ P74 I 7P
. o . AM=ai;tay, A=a;—ay, (6)
FIG. 5. Energy level diagram for the recombination processes in [&&@
text). 1
a1=§[w1(1—51)+w2(1—52)] , (7)

simple model concepts based on independent elementary re-
laxation processes and isolated trapping centers. One should a,=
consider instead a system of balance equations for the case of
several local levels. 2

Figure 5 presents a qualitative energy-level diagram for 5, =A, v, > Av;. 9
the assumed recombination processes in LBO. The balance i=1

equations describing this system were augmented by fne coefficientsh andB are functions of the trapping-center

1 1/2
Z[wl(l_ 81)— wy(1=5)1*+ 010,818, , (8)

charge neutrality condition to give parameters
’ %: — N+ A (vi—n )Nt — AN N, A=[w01N20~ (@01(1—= 1) =N1)N1ol/ (N1 —N2),  (10)
dn B=[w18Nn10— (w(1—2) —Ay)Nyol/(A\1—N7) . (1)
2
H:_‘Uz”ﬁAz( va— NN’ Recalling that TOA is proportional to the trapping-center
dn concentrationn, (t), we obtain
3 _
at o 0sstAslraT g @ D(1)= ya[ (N0~ B)exp( —\it) +Bexp —Az0)], (12
dN~ wherey, is a coefficient of proportionality. As evident from
WZwsns—As( v3—Ngy)N"—A;n; N7, Eq. (12), the TOA decay kinetics contain two exponential
. 2 components with time constants
dN B B
at Zzl[wini_Ai(Vi_ni)N+]v Tal=A1 5 Tap=A, . (13
| Nty NF=ng+N-, ;I'he0 initial TOA intensities are found from Ed12) for
—_—
wherew; andn; are the concentrations of defects and carriers
trapped by them(in cm™3), with n; (t=0)=n;, being the Do=7aN20, D10=7a(N20~B), D2o=7B. (14

initial carrier concentration?; are electron and hole trapping The pulsed-cathodoluminescence kinetics are governed
coefficients for theith level (cm®-s71), Ay, is the recom-  within this model by the relation

bination coefficientw;= w;qexp (—E; /kgT), w;g and E; are B
the frequency factor and activation enerdy, is the Boltz- ()= yAnniN ", (15

mann constantN~ andN™ are the carrier concentrations in where y has the meaning of the quantum vyield of recombi-
the conduction and valence bands, respectively,idablels  pation luminescence. To finM~(t), we use the third and

the trapping centefFig. 5. fourth equations of3) under the assumption thag>n; , and
According to this level diagram, local centers of threegN-/dt—0. One readily sees that

types can be operative here: a shallow electronic trapping

center B* and two moderately deep hole centers. One of the %
latter, the paramagnetic Ocenter, was studied earlier by dt
EPR?! As follows from Ref. 13, the observed optical absorp-
tion in LBO in the transmission band is due to electronic
optical transitions from valence-band states to a local level o
the hole O center. Therefore, the TOA kinetics were iden-
tified with then, (t) relation. Within the concept being de- N™=Cexp(—\gt), whereC=nzuw3/(Aznz). (17)

:_)\3n3, where )\3:(1_53)(.03. (16)

The relative trapping coefficiendy is defined similar tq9).
tegrating(16) from t=0 tot and substituting the result into
he fourth equation of3) yield
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in opposite relation with increasing temperature Bs

=B (T). Below 400 K, this prediction is seen to agree with
experiment(Fig. 2). As the temperature is raised still more,
however,Dy andD ;1 decrease following the same course as
the D,y component. Thus the kinetics at 400 K are clearly
seen to be dominated by some thermal fluctuation process
with an activation energy of about 60 meV, which accounts
for the decrease of induced optical density with increasing
temperature.

A more satisfactory agreement with experiment is ob-
tained by simulating the temperature dependence of the
pulsed- cathodoluminescence decay. Indeed, assuming the
quantum yield of recombination luminescengand the ini-
tial concentrationdy and ngy to be temperature indepen-
dent, the factolC=C (T) will dominate the temperature de-
pendence of the initial pulsed-cathodoluminescence intensity
FIG. 6. Model decay kinetics for pulsed cathodoluminescence and ToA (0). Asfollows from Eq.(17), an Arrhenius plot oC is a
obtained forE, =300 meV,E,=400 meV,E;=130 meV,w,=28.5 GHz,  Straight line with a slope-E;/kg. The experimental value
©,=1000 GHz, w3=0.005 GHz, 6,=04, 6,=0.1, 53=0.5, An=5  of the activation energy of the proceés30 me\j agrees
518;07 oS vy =rp=rg=5x101 e ® ny=ng=10" em®, N2 el with that of the electronic trapping cente? Bin LBO,
S which is identified in our model witlm;. At the same time
the deviation from a straight-line relation at temperatures

Substitutingn, andN ™~ in their explicit forms from Eqs(4) ~ @bove 440 K(Fig. 4) suggests that at these temperatures

and(17), respectively, into Eq(15), we obtain a relation for €ithery, ornyo, orngo are no longer constant. This may be

the pulsed-cathodoluminescence kinetics as a sum of tw@ue both to thermal quenching of the luminescence and to
exponentials some deeper trapping centers becoming active. As follows

from Eq. (20), the temperature dependence of the pulsed-
I(t)=yCl(nyo—A)exp(—ATt) +Aexp(—A31)]; (18)  cathodoluminescence paramettgis close to that of the ini-
N =N1+hs, AE=Ay+Ag. (19) tiallintgnsityl (0), butlq (T) shoulq have a som.ewhat Iower.
activation energy, exactly what is observed in the experi-
The condition for the observed rise to occurAs-nyo. By ment. An analysis of the temperature dependence of param-
comparing Eq(18) with experimental curvé2) one can ob-  eter |, (T) [Eq. (20)] shows that, for constamt,g, 1, (T)
tain expressions relating the corresponding coefficients:  should vary in opposite relation 1g (T). At the same time

3

<)

Intensity, arb. units

-

0.5 14 aaand L4 14y Lul

07 1 0 U/
Decay time,ps

1(0)=yn1,C, 1o=7CA, 1;=1—nyp/A; (200 One cannot expect a noticeable changel in becauseA
. . >n,o. For temperatures below 400 K, this is in good agree-
T1=(NM1—N2)" T, =Nt N3z) . (21) " ment with experiment. The temperature dependences of the

The position of the maximum of the rising portion in the time constantsr; and 7, estimated from21) have thermal
pulsed-cathodoluminescence kinetics is determined from thactivation energie&; =300 meV andE,=400 meV and fit

condition of the extremum of functiofL8) well to the experimental relatior&ig. 4).
N Thus a combined study of the kinetics of transient ab-
3

tm=(?\1—?\z)l|ﬂ(|1)\l _ (22) sorption and luminescence of LBO crystals ex_cited by an
At A3 electron beam suggest that the TOA and luminescence of
Summing up, we can conclude that the theoretical relal-BO are produced in the same recombination processes in-
tions (12) and(18) provide an adequate interpretation for the volving the main point defects, namely, the electronfc' B
appearance of two exponentials in the TOA decay and thand hole O centers. The specific features in the TOA and
rise in pulsed cathodoluminescence within the time rangdiminescence kinetics, their interrelation and dependence on
under study(Fig. 6), as well as establish dependence of thethe point-defect parameters, temperature, and excitation con-
kinetics parameters on point defect characteristics and exitions can be described within the model of competing hole
perimental conditions. In particular, a comparison of Egscenters. The most satisfactory numerical agreement with ex-
(13) and (20) suggests that the theoretical time constants operiment has been reached in simulation of the luminescence
TOA and pulsed cathodoluminescence should differ somekinetics and of its temperature dependence. At the same
what, 7,> 7,; and r,< 7,,. It is this relation that is observed time, some of the features observed in the temperature de-
in experiment. pendence of the TOA decay kinetics cannot be accounted for
Having established an approximate analytic form for theby this model and require further investigation of the optical
TOA and pulsed-cathodoluminescence decay, one can noand luminescence transitions in TOA centers and of the lu-
discuss their temperature dependence. For constamind  minescence of lithium triborate.
Ny, the initial TOA intensityD, should not depend on tem- The authors express gratitude to V. A. Maslov for pro-
perature, whereas tHe,, and D,y components should vary viding LBO crystals for the present study.
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The F andM color-center build-up kinetics in KCI crystals under combined irradiation with
electrons of energy 15 and 100 keV and 100-keV protons have been studied in the flux range of
10— 10"%cm 2 and at a flux density of 8 10'*cm 251, It is shown that consecutive

irradiation with electrons and protons produces results not obtainable under electron or proton
irradiation alone. ©1998 American Institute of PhysidS1063-783%08)01111-3

Studies of the degradation of optical properties of solidscompared with the induced absorption spectra. The spectra
under combined irradiation by low- and medium-energythus obtained were subsequently treated by the ORANG pro-
electrons and protons, which are the major components ajram which included the parameters of all known elementary
cosmic rays in the Earth’s radiation belts and other regiondands to deconvolute thHe andM absorption features.
of space, are of interest for both basic and applied research. The halfwidth and positions of the maxima of the bands
Because of the very complex composition of the materialsvere taken equal to 0.35 and 2.23 e/ Ifand and 0.12 and
used in space technology, investigation of the effect of com1.49 eV (M).*
bined action of various radiations should preferably be done
on model objects such as alkali halide crystals.

It is known that proton irradiation of alkali halide crys-
tals produces defects both by ionization by a below-threshol
mechanism(similar to irradiation by electronsand through Figure 1a,b presents the build-up kineticsFofand M
elastic displacement of atoms from their lattice positibfs. centers in samples irradiated only by electrons of energy 15
Therefore, for comparable energies released in irradiatiorand 100 keV, only by protons of energy 100 keV, and con-
protons can be expected to create higher absorption-centggcutively first by electrons, and after that by protons of the
concentrations in alkali halides than electrons. same energies. Figure 2a,b compares the sum of concentra-

The objective of this work was to study the build-up tions of these centers produced by irradiation only with elec-
kinetics of simple(F) and compleXM) color centers in KCI  trons and only with protons with the results of consecutive
single crystals under irradiation only by electrons and onlyirradiation first by electrons, and then by protons. The oscil-
by protons, as well as consecutively, by 15- and 100-keMator forcef was accepted equal to 0.8 for theenters' and
electrons and 100-keV protons. to 2/3 off for the M centers(Ref. 5. Table | lists the values

of the additivity coefficientA calculated from the expression

3. EXPERIMENTAL RESULTS AND THEIR DISCUSSION

1. EXPERIMENTAL TECHNIQUES
A=ngPI(NE y+nR ), (1)

The study was carried out on a SPEKTR set(Bpf. 3
provided by an additional source of protons with energy ofwhere ng ' is the concentration of th& and M centers
up to 140 keV. The crystals were 15-mm dia. discs withcreated in consecutive irradiation by electrons and protons,
thickness of 1.0 to 2.5 mm, with an aluminum layer opaqueand n¢ \, andnf ,, are theF and M center concentrations
to light deposited on one of the sides in vacuum. Up to 2Qroduced in irradiation by electrons or protons only, respec-
samples could be fixed on the stage at one time, and theywely.
were irradiated by 15- and 100-keV electrons, 100-keV pro- These data lead to the following conclusions:
tons, or consecutively first by electrons, and then by protons 1) For fluxes®<10" cm™ 2 (t<330 9, the concentra-
of the same particle energies. The incident particle fluxesion of F andM centers produced by protons is higher than
was 10°-10° cm 2, and the flux density, 810" that created under electron irradiation. For larger the
cm 2s™ 1. Irradiation was carried out in vacuum better thanquasi-stationary concentratioms and ny, of these centers
10" ° Pa at room temperature. The hemispherical reflectivityare higher than those generated by 15-keV electrons but
(p\) of samples in the 300—900-nm range was measuretbwer than those due to 100-keV electrofesirves1-3 in
directly in vacuum both before and after the irradiation. TheFig. 1a,b;
values ofp, were converted to the transmissivities. Then 2) The concentrations df and M centers produced in
difference spectra of diffuse reflectivityAp,) or transmis-  consecutive irradiation with 15-keV electrons and protons
sivity (A 7,) were obtained by subtraction of the correspond-within the flux range studied are higher than those due to
ing spectra taken before and after irradiation, and they werelectrons or protons onlgcurvesl,3,4in Fig. 1a and 1)

1063-7834/98/40(11)/4/$15.00 1823 © 1998 American Institute of Physics
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FIG. 1. Dependence of the concentration@fF centers andb) M centers in KCI on irradiation timélux) by (1) 15-keV electrons(2) 100-keV electrons,
(3) 100-keV protons(4) consecutively by 15-keV electrons and 100-keV protons, @padonsecutively by 100-keV electrons and 100-keV protons.

(3) For fluxes®=<10" cm™?, the sum of theF center (6) In the case of consecutive irradiation by 100-keV
concentrations Xng) produced separately by electrofis  electrons and, after that, by protons the concentratioR of
keV) and by protons is less than the observed under con- centers produced fob<10'* cm 2 and that ofM centers
secutive irradiation first by electrons, and thereafter by procreated ford <5x 10' cm™?2 are larger than those produced
tons of the same energy. As the flux increadas; becomes only by electrons and only by protorisurves2,3,5in Fig.
larger than ng generated under consecutive irradiationla,h. At the same time fo>5x 10 cm™2 the values of
(curvesl and?2 in Fig. 23; ng and ny practically coincide with those obtained under

(4) The sum of theM center concentration(,,) cre- irradiation with 100-keV electrongcurves2 and5 in Fig.
ated under separate irradiation by electrons and prdiths 1a,b;
keV) within the ® range studied is larger than that produced (7) The sums of the concentratiodng and =n,, cre-
under consecutive irradiatiofcurves3 and4 in Fig. 2b); ated only by electron$100 ke\) and only by protons are

(5) The additivity coefficientA for F centers decreases initially, for ®<(1—2)x 10 cm™2, smaller than th& and
from 1.2 to 0.7 with the flux increasing from ¥0to 10"® M center concentrations produced under consecutive irradia-
cm 2. For M centersA<1 (Table I); tion by electrons and protons of the same energies, but be-

b
J
4 4t
/
1
2

10 16 1 i i i i 1
0 1000 2000 J0oo t,s 0 1000 2000 3000 t,s

FIG. 2. Dependence df) the sum ofF center concentrations artd) the sum ofM center concentrations in KCI on irradiation tinfux) by (1) 15-keV
electrons and 100-keV protor(8) 100-keV electrons and 100-keV protons, and-andM center concentrations under consecutive irradia@®my 15-keV
electrons and 100-keV protons at#} by 100-keV electrons and 100-keV protons.
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come larger with increasing (curves3 and4 in Fig. 2a,b;
(8) The additivity coefficient for the= and M centers
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TABLE I. Additivity coefficient A for combined irradiation of KCI crystals by electrons and protons.

Irradiation regime

d, cm2

Centers| 1x 1013 3x 102 7x10° 1x10% 2x10" 4x10% 7x10% 1x10%

Electrons 15 keV | F Centers 1.20 1.06 1.02 1.00 0.88 0.83 0.76 0.7
Protons 100 keV | M Center§  0.70 0.80 0.84 0.82 0.79 0.70 0.67 -
Electrons 100 ke\f F Centers 1.34 1.12 0.98 .084 0.69 0.66

Protons 100 keV | M Centers 1.60 1.25 1.12 1.10 0.80 0.72

tically coincides with that for 15-keV electrons, while being
considerably less than that for 100-keV electrons. The values

case of proton irradiation differ from one another by not

=(1—2)x 10" cm 2 (Table I);

(99 M centers start to form already at low fluences™More than a factor three. These values exceed, however, by
(~10"% cm2), both under separate and consecutive irradiaiwo to three orders of magnitude the ones obtained for irra-
tion by electrons and protons_ diation by 15- and 100-keV electrons.

The above features in defect formation observed under The values ofayq and Ny for protons differ from one
irradiation of KCI crystals both separately by electrons anc&nother by about an order of magnitude and are less than the
protons and consecutively, first by electrons, and thereaftegorresponding values for ionization by two to three orders of
by protons, are apparently due to differences in the S|0Wingmagnitude. It thus follows that the integrated energy losses
down parameters of these particles in solids. Table Il preof 100-keV protons in KCI are due primarily to ionization.
sents the first two moments of the distributions of specific ~ Based on the data of Table II, our experimental results
energy losseR}, andAR,, integrated energy losses for ion- can be explained by assuming the existence of additional
ization, (dE/dx);, and KCI atom displacementdE/dx)q, recombination channels associated with surface local levels,
integrated cross sections for ionizatiom,, and displace- as well as with defects which form in elastic displacement of
ment, o4, as well as integrated concentrations of ionized,atoms under proton irradiation. Surface recombination is
N;, and elastically displacedyy, atoms calculated taking most effective in the case of irradiation by 15-keV electrons
into account the average number of displacements peind 100-keV protons, because the electronic excitations and

atomv.

o; was calculated from the expression
ai=(NoZl) Y(dE/dx);,

whereN, is the atomic concentration (32.0??>cm™ %), Z is
the effective atomic chargel8), andl is the hydrogen ion-

ization potential.

As seen from Table Il, the layer thickness(a=R,

the associated defects lie close to the surface. For this reason
the F and M center concentrations observed in these condi-

)

tions are lower than those produced by 100-keV electrons.
For low proton fluxes, the defect concentration is com-

paratively small, thus making surface recombination domi-

nant. The concentration of electronic excitations in this case

is higher than that obtained under 15-keV electron irradia-

tion, and this favors production & andM centers in higher

+AR;) in the case of irradiation by 100-keV protons prac- concentrations. The recombination rate via defects increases

TABLE II. Slowing-down parameters for KCl irradiation by electrons and protons.

Electrons Protons
Parameter 15 keV 100 keV 100 keV Method of calculation
Ry, cm 2.8x10°° 1x10°8 1.4x107* Refs. 6 and 7
AR,, cm 9.4x10°° 3x10°3 1.9x10°° Refs. 6 and 7
(dE/dx)i,eVicm 2.1x 10 4.6x10° 1.8x10° Ref. 8
(dE/dx)4, eVicm 2.4x10° Refs. 6 and 7
g, cm? 2.7x10° 18 5.9x10°1° 2.3x10716 Ref. 8
5.8x10716 By Lindhard-?
2.1x10° % By FirsoV'?
oy, cn 5.6x10 19 By Rutherford-?
7.6x10718 Refs. 6 and 7
N;, cm3 8.8x 10°d® 1.9 10°® 6.7x 10°® By Firsov?
1.9x10°® By Lindhard-?
7.4 10°d Ref. 8
Ng, cm™3 6.2} 10°'d By Rutherford-?
8.4X10°® Refs. 6 and 7
v 3.46 Ref. 9
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with increasing proton flux. However, if the electronic exci- and 100-keV protons as well as forM centers(electrons
tation level is high, thd= and M center concentration will and protons of 100 kel exceeds one, while fop=(1
remain higher than that produced by 15-keV electrons.  —2)x10"—10' cm ? it is less than one. Fol centers

The decrease of the additivity coefficiehtwvith increas-  (15-keV electrons and 100-keV proton®\<<1 within the
ing flux can be assigned to recombination-stimulated deflux range studied.
struction of defects. In the case of nonradiative recombina- The authors express their gratitude to M. |. Dvorétski
tion at defects, the released energy directly transforms intand E. V. Komarov for assistance in measurements, and to
lattice vibrations. Localized initially near the recombination M. V. Belyakov for calculation of the absorption spectra.
center, this vibrational energy dissipates in the form of
Fs)tr: Sgggio'??h?ggemagleeﬁ \ég)r:?et:.csmzlsevc:ﬁggs(:I?r;rr]ilsﬁll;?oge 1:E.IA. Abrpyan, A.N. Andronov, _and Al TitovPhysical Foundations of

’ ) i iy ectronic and lonic Technolodyn Russian (Vysshaya Shkola, Moscow,
of vacancies and interstitialgslestruction ofF centers. 1984, 319 pp.

This mechanism should be more efficient for Comparab|ez\{. L. Vingtskii and G. A. Kholoda‘r’Radiation Physics of Semiconductors
thicknesses of the defected layers produced by 15-keV elecg-E”(?“}f(f's?g (Ea&kn/am?tr?;rj\} 'f\;e‘\’('ali?iiifsg\?'an 4 M. 1. Dvoretski
trons and 100-keV protons, and this is confirmed by the ex- pyip. Tekh.{gs’p_ No. 4, 1761989, ’ .
periment. 4A. A. Vorob’ev, Color Centers in Alkali Halide Crystal§in Russian

The above results can be summed up as follows. ,(TGU, Tomsk, 1968 387 pp.

1) The concentration of andM centers prOduced under 6\(/:: \Z/ \\l(aur:jigo?r:nlshlz/rgcsallF\I’:ec)vljnlzjzt‘:i’oiss’e()(fli)oen?éeam Dopifip Russian
consecutive irradiation of KCI crystals by electrons and pro- (gorki, 19}3, p. 10.
tons is not equal to the sum of the concentrations of thes€V. V. Yudin, Elektronn. Tekhn., Ser. 2No. 2, 3, 1974.
centers when using electrons or protons only:; oV. V. Yudin, Elektronn. Tekhn., Ser. o. 4, 15 198'5.

2) For ®=1x 10— (1—2)x 10" cm 2, the additivity - " GiPbons, IEEE0, No. 9, 53(1972.
coefficientA for F andM centerg15- and 100-keV electrons Translated by G. Skrebtsov
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The electronic structure of the alkali-earth fluorides GdbaF,, SrF, and Pbk with Frenkel

defects is investigated in the tight-binding approximation by the LMTO method. The

defect formation and migration energies are calculated. The electronic structure and optical
excitations of aH center in a defective fluorite structure are examined. It is shown on the basis of
calculations of the binding energies that GaBaF,, and Srk are ionic compounds, while

the chemical bond in PBHs partially covalent. Possible methods of displacement of interstitial
fluorine atoms that lead to the observed optical spectra ¢f aenter are investigated.

© 1998 American Institute of Physids$1063-783#8)01211-9

The fluorides of alkali-earth(AE) elements possess empirical Hartree—Fock method using the cluster
anomalously high ionic conductivity and are promising op- approximation. We have made the first ab initio investigation
tical materials for the vacuum ultraviolet range. of the band structure of defective fluorides GaBaF,, SrF,

Anionic Frenkel defectganti-Frenkel defects—AFDs and Pbk by the linear muffin-tin orbitals methodMTO).
—interstitial ions F and vacancies bound with them—play In the present paper it is shown that this method permits
the dominant role in the formation of ionic transport in AE calculating in reasonable agreement with experiment the en-
fluorides? It has also been established experimentally hat ergy of formation and migration of Frenkel defects, to deter-
V-, andH centers are present in the fluorides GaBaF, mine the reason for the different stability of cationic and
and Sri; which have undergone special treatm&titin in- anionic sublattices, and to determine the possible atomic dis-
vestigations of ionic conductivity, thel center, whose struc- Placments that occur in an anti-Frenkel defect.
ture is close to that of the AFD structure, is of most interest.

According to ESR and optical spectroscopy datfaeH cen- 1. CRYSTAL STRUCTURE

ter is a molecular ion J oriented along th¢111] direction. . . "
) . L S The structure of fluorite consists of a superposition of
A series of investigations of ionic transport has beent

conducted by classical molecular dynamieaDs)®® Spa- wo cubic sublattices formed by cations and aniffig. 1).

tiot | modeli fioni ductivity by MD Anions form a primitive cubic sublattice, while cations oc-
10 empgra modeting o '°r?'° conductivity by . was per- cupy positions at the centers of cubes formed by eight anions
formed in Ref. 10 for Caj; in Ref. 11 for Bak, in Ref. 12

. i (i.e. they occupy locations only in half of all anionic cupes
for Srk,, and in Ref. 13 for Pbf: The classical MD method forming a face-centered cubic sublattice. The fluorite unit

permits calculating a variety of thermodynamic charactens—ce” consists of four formula units MEwhere M is a cation.

tics of crystals. However, the applicability of the MD method A tace-centered cubic sublattice formed by empty positions
is considerably limited by the need to fit empirical pair po- interstice can also be distinguished in the fluorite lattice.
tentials for the interionic interaction, which presents substany, our calculations, a so-called extrasphere—a pseudoatom
tial diffculties for compounds where the chemical bond hasith zero nuclear charge and a basis of self-consistent atomic
partial covalent character. orbitals—is placed in each interstice. This quite “loose”
In Refs. 14 and 15 the semiempirical methods of quanstructure makes possible ionic transport in fluorite crystals.

tum chemistry were used to study the electronic structure ofhe |attice periods for CaF BaF, SrF, and Pbk crystals
defects in alkali-metal and AE fluorides. These methods havgre, respectively, 5.45, 5.78, 6.18, and 5.95°A.

a number of well-known drawbacks which limit their accu-  As a result of thermal excitations, some interstices are
racy and sphere of application. occupied in a disordered manner by cati¢Rsenkel defects
Systematic calculations of the electronic structure of AE— FDs) or anions(anti-Frenkel defecis At low tempera-
fluorides by nonempirical computational methods were initi-tures the concentration of Frenkel defects is low, but there
ated in the 197059 but there are no earlier attempts to are experimental and theoretical indications that in the supe-
calculate the electronic structure of defects in AE fluorides orionic phase the degree of occupation of interstices can reach
the characteristics of ionic transport by nonempirical meth-0.33
ods. An exception is Ref. 19, where calculations of the for- At present there are no accurate nonempirical methods
mation energy of defects in MgO were performed by a nonfor calculating the total electronic-nuclear energy of disor-
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corresponds to that described in Ref. 22, so that we shall
only describe the computational details that permit choices.

The set of atomic orbitaléAOs) which are employed for
constructing the Bloch functions of the crystal included the
valencens-AOs of the Ca, Sr, and Ba atoms=4, 5, 6; the
npand (h—1)d AOs of Ca, Sr, and Ba were not included in
the basis of Bloch functions and were included in the con-
struction of the Hamiltonian matrices by down-foldifty,
based on the lwdin perturbation theor§ The s states of
the extra spheres were also included in the atomic basis,
while thep andd states of the extraspheres were taken into
account only as part of the down-folding procedure. Tke 6
6p, and 5 AOs of the lead atoms were included in the
atomic basis. The 2 AOs from the fluorine atoms were
included in the basis, while theszand 3 orbitals of fluorine
were taken into account of the basis of the down-folding
model.

The calculations were performed for @dvectors per
Brillouin zone (eight k vectors for its irreducible partThe
radii of the atomic spheres were determined by an automatic
procedure described in Ref. 22, from the condition that these
spheres fill the volume of a defect-free crystal. The values
obtained by this procedure for the radii of AE atoms and
extra spheres differ by 5-15%, while the radii of the extra
spheres and fluorine atoms differ by 37-41%. The correct
choice of the radii of the extraspheres and the real atoms,
which change places, forming an AFD, plays an important
role in obtaining results of adequate accuracy for the defect
formation energy. We assumed that a real atom occupying
the position of an extra sphere acquires its radius and, con-
versely, the radii of the atoms and the extra spheres that do
not participate in defect formation remain unchanged. It is
known that in the LMTO method the errors due to overlap-

dered solids. To be able to use the band methods develop&i9d ©of atgm!c spheres grow as the cube of the
for periodic crystals to calculate the electronic structure, weVerlapping’ Since in our work the differences of the total
employed the supercell method. Thex2x 2 rhombohedral €nergy of an ideal crystal and a crystal with a defect are
supercell(Fig. 1) which we employed is obtained by double @nalyzed, the indicated scheme for calculating the atomic
translation along primitive vectors. Thus, the atomic bases ifi@dii makes it possible to reduce the error to a minimum.
the present calculations have the formRLEs, where M= O_ther method_s of determmlng. the atomic rad_n for crystals
Ca, Sr, Ba, and Pb, while E is an extrasphere. An AFD inwith dgfects give defect formation energies which are two to
such a cell is obtained by transferring a fluorine ion into athree times higher than the values presented below.
neighboring interstice; in so doing, a vacancy is formed in

the anionic sublattice. The dimensions of the supercell mak'é:'L UE(')-E%TERSO'A\‘,L% gé\’\(ISDT EESUW?TT;JEEEFEET?ESATLR S(':ETURE
it possible to place an interstitial fluorine ion in the first or :

S : . OF H CENTERS IN AE FLUORIDES AND THEIR
second coordination sphere relative to the lattice vacancy. OPTICAL SPECTRA

In our calculations the Frenkel defects are separated by a
distance of at least two primitive-translation vectors. We  Calculations of the band structure of ideal GabrF,,
shall present below data showing that the interaction beand Bak crystals show that the®states of fluorine form
tween defects at such distances can be taken as negligiblge valence band and thestates of the cation form the
small, at least for the structure of single-electron states, i.econduction band. In the case of a Bhffystal the valence-
the defects can be assumed to be isolated from one anoth&and bottom consists of thep2orbitals of fluorine, while the
6p AOs of lead correspond to the conduction band. The
typical total density of states for Cafor the present calcu-
lations is displayed in Fig. 2. The total densities of states for

The calculations of the electronic band structure ofthe other fluorides differ mainly by the band gdg,J, which
Cak, Bak, Srk, and PbE were performed by the linear is compared in Table | with the experimental data of Refs.
muffin-tin orbitals method in the tight-binding approxima- 26—28. One can see that the calculations to decrease the band
tion (LMTO-TB), the mathematical principles of which are gap from Cak to Srk and then increase to BaFA PbF,
expounded in Ref. 21. The computational method as a wholerystal is characterized by a small band gap. The computed

FIG. 1. Fragment of the crystal structure of fluori@® and a 2<2x2
supercell used in the LMTO calculatiofis).

2. COMPUTATIONAL METHOD
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FIG. 3. Possible displacements of an interstitial fluorine atom which lead to
s A the formation of a molecular ion,F. a — axial, 7 — tangential.
0 L1 1 l 1 A A J 3
~0.50 0 0.5%0 _ .
£,Ry Although the AFDs are high-temperature formations,

numerous investigations have shown that stabilization of
FIG. 2. Total density of states for an ideal Gagtystal (a) and a crystal ~ AFD-like defects is possible. Thus, in Ref. 29 impurity cen-
with an anti-Frenkel defedt). ters were stabilized by doping rare-earth elements with triva-
lent ions, followed by x-ray irradiation. It was shown that
values of the band gap are lower than the experimental datimpurity centers have ESR spectra and quasimolecular opti-
This is a systemagticp error of electron—derf)sity—functional E.ll spectra. These spectra were mterpreted by_cpmparlng
with the results of Hartree—Fock calculations of the iBn.

methods. . . ) .
. However, this approach, which neglects the interaction of the
When FDs and AFDs appear, the calculations show an PP g

. . . o ion with its surroundings, is limited. Specifically, the fine
appreciable narrowing of the band gap. On this basis it Ciryucture of optical spectra is ignored; it is impossible to

be expected that as temperature increases, especially W'thd%termine the type of atontsite or interstitial on which the

sharp increase in defect density near the superionic trans't'oﬁhpaired electron is localized: and, the orientation of the in-

temperature, the energy of the fgndamentallabs.orptmn ed%rstitial ion relative to the vacancy bound to it in the fluorine
should decrease. However, an intense excitonic absorptio blattice cannot be determined

zeah d|s ?éj ‘Kfrfos\?dr Otr;] thz':fgngarr?(ietntai\rl] aAl\)éofrlptl?ir(; edige " It follows from the fact that only one “impurity” level is
uondes. - VIoreover, e ensity Uordes 1S -, pserved when an interstitial fluorine ion is localized pre-

LO\IIIV, which makes it difficult to check this result experimen- cisely at the center of the cube of the nearest-neighbor lattice
aty. _fluorine ions that displacements of interstitial ions play an

One can see from Fig. 2 that the_ appearance of AFDs Iri]”nportant role in the formation of the quasimolecular spectra
an AE fluoride crystal also results in the appearance of

eak (to which an interstitial fluorine ion makes the ma'n%f a H center. One can see from Fig. 3 that if an axis is
peak (to whic : >tial Tiuorine | N "N drawn from the center of the above-mentioned cube in the
contribution) in the density of states in the band gap. Inter-

estinalv. the width of this peak is very small and does nc’tdirection of the interstitial vacancy, then it can be assumed a
exclegg’the svtvti,p size (')0%5 RSI’ 0V063é eV used in our priori that a molecular ion J= can form by a displacement of

. ! ) n interstitial fluorine ion both along the ax@xial displace-
calculations to construct the histogram of the density of 9 X P

: . : ment «) and perpendicular to the axigangential displace-
states. The very weak dispersion with respect toktkiector : ;
. ) . ment 7). Calculation rformed for f h displace-
of the states of this peak shows that the interaction between ent r). Calculations performed for a set of such displace

. . ments in Cak show that the impurity level splits into several
antl-Frenke_I Qefects_ n amounts of one per 82-atom (tied quasimolecular levels even for small displacements of both
degree of filling of interstices by defects is 0.128ads to

very small errors in analyzing the electronic excitations types. The optimalfor agreement with optical experimental
y yzing " datg values of the electron transition energies between

quasimolecular levels are obtained with a tangential dis-

TABLE 1. Band gapE, in CaR, StF, Bak, and Pbi crystals. pIacementrf 0.; from.the. F—F axis in an |deaI. cube. Neu-
tron diffraction investigations of powder fluoride samples
Ey, €V confirm the displacement of an interstitial fluorine atom by
Crystal Exp. Theory 0.07a (a — lattice period from the position at the center of
the cubé® The position of the computed quasimolecular lev-
gaFB ﬁ;g g-(l)é els with such a displacement is shown in Fig. 4. The types of
B;éz 10.57 6.37 symmetry of the levels here were obtained by constructing
PbF, 3.00 364 charts of the spatial distribution of the wave functions for the

center of the Brillouin zone. One can see that the order of the
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a TABLE II. Optical excitation energies for af center in Cak according to
1000+ Cw LMTO calculations.
g
L Computed Type Experimental Identification of
excitation of excitation excitation according to
500+ energy, eV transition enerdy.eV Ref. 29
Ty 1.77 Ty— 0y 1.65 Ty— Oy
- l AM 3.34,3.20 — 3.87 T4 0y
- 0 . LA A 8T8 74—y
'» -0.50 0 0.50
s £,Ry
—~
t;‘_, b o, energy excitation 1.65 eV, made in Ref. 29 on the basis of
1000 | the molecular Hartree—Fock calculations, is wrong. The
work in Ref. 9 also has the drawback that the splitting of the
8 - mq level is ignored, which results in a not entirely correct
so0k 7Ty 7Ty interpretation of the high-energy excitation at 3.87 eV. At the
5 n_r " same time, the optical spectra presented in Ref. 29 clearly
= g ® 7T, show the complicated character of the high-energy excita-
A l tion.
0 = Aen —2l : ' Comparing with the experimental data the energies of
-0.60 0.4 0.20 0 : o . ; o
E,Ry the optical excitations with a variable axial displacement of
?

the interstitial atoms also makes it possible to estimate the
FIG. 4. Total density of states for a Cagrystal with AFDs with displace- ~ probability of the presence of such displacements. Specifi-
ment of an interstitial fluorine atom by=0.1 (a) and the sum of the den- caIIy, as the axial disp|acememincreases from 0 to 0.2, the
sities of states for the fluorine atoms in & Folecule(b). energy of the |0v\,_ener§]y excitation remains too low, equa|

to 1.36 eV atae=0.2. However, ate=0.2 the computed
levels with increasing energy corresponds to that obtaine§"€rdy of the next excitatio#.15 eV} is now higher than
for the F, ion without exact calculations and taking account!€ €xperimental values. Therefore the good agreement with
of only the spatial orientation of the lobes of thp galence ~ €XPeriment that obtains for tangential displacement cannot
orbitals of the fluorine atoméFig. 5). be obtained by varying the axial displacement. An additional

The construction of the total density of states for a paird’9ument in favor of tangential displacement is that for all
of fluorine atoms, forming am center, in the low-energy valugs of the gX|aI dllsplacemen.ts the total energy of a super-
range showsFig. 4b that an interaction of aFion with the cell is appreciably higher than in the case of tangential dis-

crystal environment results in splitting of the, level into pIacemen;s_{for a=h0.2 by 2.08 e\)/.l d d their
two levels , and =, symmetric and antisymmetric with According to the experimental data and their interpreta-

respect to a plane passing through the axially-displaced fludion of the basis of ngtree—Fock calculations, the_: |ntermo-
rine ion and the nearest site atoms, marked by asterisks aﬁcu'lar. Ievelqu, to Wh'Ch 'electrons are transferred in optlgal
Fig. 3. At the same time the splitting of the high-energy leve|EXcitations, is occupied in the normal state by an unpaired
, is very small electron, which gives rise to an ESR spectr(iimee second

u .

The computed excitation energies are presented in TabI%IeCtroﬂ s dcaptufred fby thﬁ rare-e_artg dlopant a_tdznclord-l_ q
Il together with the types of transitions that follow from our N9 t0 the data of Ref. 7, the unpaired electron is delocalize

calculations and from the experimental work in Ref. Zg_between a pair of fluorine atoms, forming-acenter, in the

Comparing them shows that the identification of the low-ratio 6:4. Our calculations show that the contributions of
interstitial and site fluorine ions to the maximum of the elec-

tronic density of states in the range of the pegkare 698
and 407 Ry?, respectively, i.e. the calculations show delo-
calization of the unpaired electron between the atomstéf a
center in a ratio close to 6:4 in favor of the interstitial fluo-
rine ion.

4. CHEMICAL BOND AND CHARACTERISTICS OF THE
IONIC CONDUCTIVITY IN AE FLUORIDES

One of the predominant views concerning the mecha-
nism of ionic conduction in AE fluorides is that cationic
sublattice is more stable than the anionic sublattice, which
“melts” at high temperatures, giving rise to ionic conduc-
tion. Simulation of ionic conduction by classical molecular

. . . . 8_13
FIG. 5. Qualitative scheme leading to the formation of the energy levels odynamics completely confirms this vidw'® However, the
a F, molecule. reason why the cationic sublattice is more stable remains




Phys. Solid State 40 (11), November 1998 V. P. Zhukov and V. M. Zainullina 1831

TABLE Ill. Formation and migration energies of defects in GabrF,, only for Cak (6.0 e\,Bl)’ also confirms that the probability of

Baf, and Pbi crystals. FD formation is low compared with that of AFD formation.
Cak, SIF, BaF, PbF, The somewhat large size of the supercell employed in

the calculations also makes it possible to estimate the poten-

:CD energy, TE';T;_’W 2,;:71 1_:’5; 1_&21"_%; 1_i'58 tial barriers for migration of anions in AE fluorides. The
lattice vacancy formed with the transition of a fluorine ion to
FD energy, Theory 9.47 8.56 4.40 9.79 an interstitial position could be located in the first or second
ev Exp. 6.0 coordination sphere with respect to an interstitial atom at
o distances of 2.72 and 4.72 A, respectively, for the case of
er:grrgg(,)gv ThEe:pr}’ %‘.8542 %‘if; %‘.45% 020;’;3 Cak,. According to calculations, for all crystals studied, the

total crystal energy with the vacancy in the second coordina-
tion sphere is higher than the energy with the vacancy in the
first coordination sphere.

Since the transfer of a vacancy from the first to the sec-
unclear. Specifically, their arises the question of whether opng coordination sphere is equivalent to the opposite motion
not there exists a chemical bond inside the cationic sublatsf flyorine ions, the potential barriers at the first step of mi-
tice. gration of fluorine ions can be estimated as the difference of

We checked the validity of such assumptions by estimatthe total energies for the two indicated variants of the relative
ing the strength of the chemical bond. More accurately, Weyrrangement of an interstitial ion and the corresponding va-
estimated its covalent component in the binding energycancy. The potential barriers estimated in this manner are

which is determined for a pair of atonfisandR’ as presented in Table Ill. The experimental values of the migra-
Er tion energy are most often obtained from measurements of
URR/:f deIZR > Hrimr'mDrimrime(8).  the ionic conductivity® In so doing, two possible ion-
meR |"m’eR’

conduction mechanisms are distinguished: motion of vacan-

HereHgmr''m are the matrix elements of the Hamil- cies formed with the appearance of AFD and motion of in-
tonian, andD g mr/'m are the density matrix elements. Or- terstitial ions. The results of both analysis of the
bitals with quantum numberk and m belong to atomR,  experimental data and molecular-dynamic simulafidh
while orbitals with quantum numberdsm’ belong to the show that the first ion-conduction mechanism, characterized
atom R’. The integration extends over the entire energyby lower migration energies, dominates. The experimental
range of the valence states, up to the Fermi level. Previouslyalues of the vacancy migration enetgwre also presented
similar calculations were used to investigate the chemicain Table Ill. Just as our calculations, experiments show that
bond in refractory transition-metal compouridls. the migration energy decreases from g#d-SrF, and Pbk.

As an example, we shall present typical results for,SrF A discrepancy exists only for BaFThe experimental value
Here the energy of the chemical bond for the Sr—Sr pair obf the migration energy is too high.
atoms is—0.037 eV, while the energy of Sr—F is0.028 We note that the discrepancy between our computational
eV. The very low values of these energies ascompared withharacteristics and their experimental analogs is on the
their coupling energy or thermal atomization energy showwhole systematic: The formation energies of defects and the
that the chemical bond Sr—F is almost purely ionic, while themigration energies are typically too high by a factor of 1.3—
Sr—Sr bond is essentially absent. Rlig=an exception. While 1.6. This casts doubt on the reliability of the experimental
the Pb—Pb bond is negligible, the covalent component of thgalue of the migration energy in BaF
Pb—F bond is—0.58 eV. The data obtained correspond to ionic conductivity in-

Thus, the calculations show that the higher stability ofcreasing from Cajto SrF, and Bak in a wide temperature
the cationic sublattice in AE fluorides cannot be explained byinterval®! The lowest computed value of the migration en-
the presence of any chemical bond in this sublattice, i.e. thergy corresponds to the highest ionic conductivity, observed
stability of the crystals as a whole is determined by the elecfor PbF,.3
trostatic interaction between the sublattices. Nonetheless, the In summary, the following results have been obtained in
calculations show that the sublattices differ greatly with re-this work: 1) The electronic structure of CafSrF,, BaF,,
spect to the formation of Frenkel defects with their partici-and Pbk crystals with Frenkel defects was calculated for the
pation. first time by a nonempirical method)  was shown that the

In Table Ill we compare with experimental data our chemical bond in the compounds GaFSrF,, and Bak is
computed values of the FD ener@yansfer of a cation into ionic, covalence effects are important only for Bblnd
an intersticeé and the AFD energytransfer of an anion  there are no bonds between the AE atomsth& formation
There is a large variance in the experimental values of thand migration energies of defects have been calculated for
AFD formation energies. The computed values are systenthe first time by a nonempirical method, and AFD formation
atically higher than the experimental values by a factor ofoccurs preferentially in the series of compounds investigated,;
1.5-2, but they correctly reproduce the fact that the AFD4) the preferred direction of displacement of an interstitial
formation energy decreases from Ca to Ba. The FD formafluorine ion accompanying the formation bf centers was
tion energies are approximately two times higher than thaletermined and it was found that localization of an unpaired
AFD formation energies. The experimental value, availableslectron on an interstitial fluorine ion in ad center pre-
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The content of M&" ions in YAG:Nd garnet samples prepared by different technologies has

been studied, and the spin-lattice relaxation rate of these ions at temperatures of 4—5 K
measured. It is concluded is drawn that ¥adons can play the part of rapidly relaxing centers
mediating the N&" spin-lattice relaxation at liquid-helium temperatures. This may account

for a number of features in the spin-lattice relaxation of rare-earth ions in garnets, observed earlier
at low temperatures. €1998 American Institute of Physid$$1063-783%8)01311-7

Nd®*-doped YAG (Y;Al0;,) crystals find broad appli- relaxometer at a frequency 9.25 GHz. The temperature
cation in quantum electronid¢sThese crystals were studied was varied within the 4—50 K interval. We also present the
in considerable detail by various techniques, including EPResults of our measurements on samflearried out within
and electron spin-lattice relaxatig8LR 25 the 1.5-10 K interval on a custom-built relaxometer, which

Relaxation occurring at liquid-helium temperatures waslikewise operated at9.25 GHz.
found to exhibit a number of features. The relaxation rate  The actual Nd" concentration in sampl&” was found
was reported to depend nonlinearly on temperature, and noffo be substantially lower than 0.1 at.%. The3NdEPR in-
monotonically on Nd" concentratiorf. The relaxation rates tensity of this sample was low enough to permit observation
measured in samples grown in different ways were observegf the EPR spectrum of foreign impurities. The characteris-
to differ noticeably even at nominally equal Kidconcen- tics of this spectrunithe g factors, the number of magneti-
trations?® This permits a conclusion that tHanomalou’ cally inequivalent centers, hyperfine structuaegued unam-

behavior of relaxation at low temperatures is due to CryStabiguously for the presence in crys&l of a Mc®* impurity.
defects which may not be directly associated with thé 'Nd The effectiveg factors of the lowest MY doublet are

impurity ions themselves. Such active defects may be Iocal-| ~1.967,9, =3.915 The principal value ofy corresponds

ized vibrations, two-level systems, and foreign ions prese the C, axis of the nearest neighbors. We may recall that

in the crystal. the N* SLR measurements reported in Refs. 4,5 were

In some technologies, crystals are grown in mObedenu"?nade in the W[ 100] orientation. The resonant magnetic
crucibles® which enables incorporation of molybdenum ionsfields for the N&* ion measured at 9.25 GHz in this

'Sntgct,[?sn?gfsﬁgin ?é:']); i':]‘ \C(irgprrgc::lzgihi?dgoffbt:;nSnI:Rorientation areH= 1685 Oe (twofold-degenerate lineand
P y o =4480 Oe (fourfold-degenerate line The Mc®™ EPR

substitutes for aluminum in the octahedral position, and th . . . . .
I ; s spectrum taken in this orientation consists of one fourfold-
the lowest levels of M®" are two doublets with an initial L o
degenerate line in a magnetic figt=1950 Oe.

splitting of 8—10 cm .8 It thus appears reasonable to as- 4 A
. The M@ concentration in sampl&” was found to be
sume that at least some of the features in the SLR of"Nd .
1.2x 10 cm™3, or ~0.0013% of octahedral Af ions. The

ions in garnets are being affected by #oions. The present . ) ) . )
work was aimed at testing this hypothesis. With this purpOsé:oncentratlons were obtained by comparing the intensity of
the Mc®* EPR spectrum with that of a reference sample with

in mind, we studied the Mt™ content in various YAG:Nd . : _
samples, as well as measured the SLR time of these ions &<"OWn paramagnetic-center concentration.
We needed data on foreign impurities in sam@le\’,

helium temperatures and made simple theoretical estimates. o ]
and B containing 1 at.% N#", whose EPR spectrum is so

strong as to mask the presence of small amounts of other
impurities. Therefore the search for foreign impurity centers
We continued our investigation of YAG:Nd crystals  in these samples was doneTat 40— 50 K, where the EPR
grown by different methods, namelyd and A’ were spectrum of Nd" is not observed because of the fast SLR of
YAG:1 at.%Nd" samples grown by horizontal directed these ions. The results obtained are as follows. In sandples
crystallization(HDC), and theB sample(YAG:1 at.%Nd*)  and A’, the M&®* EPR spectrum is observed. The #o
was pulled by the Czochralski method. Besides the aboveoncentration in sampleA is ~2.2x10"cm 3, or
samples(used in our earlier spin-lattice relaxation time ~0.002% of the Al* ions. In sampleA’, the M@ con-
measurements), we studied also HDC-growA” samples ~ centration is somewhat higher than thatinNo Mo** ions
(YAG:0.1 at.%Nd"). EPR and spin-lattice relaxation mea- (or other impuritiey were found in sampl®.
surements were performed on an IRE003 spectrometer- It is in the Mc®* -containing sampled andA’ that one

1. EXPERIMENTAL RESULTS

1063-7834/98/40(11)/3/$15.00 1833 © 1998 American Institute of Physics
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T, K7 FIG. 2. Spin-lattice relaxation of Nd and MG&* ions in Y;Al;0y, single

crystals.1 — Nd®*, sampleA; 2— Nd®*, sampleA’; 3 — Nd**, sample
FIG. 1. Spin-lattice relaxation of Mg ions in Y;Al;O;, single crystals.  B; 4 — Mo?®", sampleA”. Solid lines I-IIl are plots of Eqs(1), (), and
The straight line is a plot of Eq1). (4), respectively. Dashed line is a plot of Bg).

observes a faster spin-lattice relaxation of*Ndons which  scribed by a sum of two exponentials with two time param-
depends anomalously on temperature, while sarBpldid  eters. Assuming thé spin concentration to be smalN{
not exhibit any anomalies. It appears natural to assume thatNp), these parameters are

the anomalies are caused by cross relaxation via th&"Mo
ions. For this to occur, the SLR rate of RMoions should be
high enough. Because information on the SLR ofMdons

in YAG is lacking, we made an attempt at performing such
measurements. The tim€, was measured by the pulsed N=T+ T ©)
saturation technique. We took for this purpose sanigle

which did not contain N&" ions. Because the M& concen- Here Ty is the relaxation rate of the spins under study,
tration was low, the YAG crystal chosen had a large enoug 1o iS that ofb spins, andT ;' is the cross-relaxation rate.
volume (~100 mn?). The resonator design permitted EPR N experiments one measures, as a rule,'livey’ relax-
(and relaxatioh measurements of such a large sample onlyation time corresponding to the rate. .

for one fixed orientation of the external magnetic field in the ~ We used Eq(2) to calculate the temperature dependence
horizontal plane. of the N&* relaxation rate in the YAG sampk, for which

The timesT; of Mo3* ions turned out to be very short the measurements df; were made within a broader tem-
(T;~30x10 ®s at T~4.2 K). The measurements, which Perature range, and where the relaxation follows an anoma-

are presented in Fig. 1, were carried out within a narrow/ous pattern. We identified thigrue’ relaxation rateT 1, of

temperature interval of 4-5 K, because the SRRED03 set-up Nd* ions in YAG with the relaxation in samplB (where

does not permit studies foF<4 K, while for T>5K the NO Mo** impurity was detected which can be described by

Mo3* timesT, turned out to be shorter than 19s and also  the relation[see Eq.(6) in Ref. 4]

could not be measured. In the presence of an excited doublet __; 1

with energy~10 cm %, relaxation of the M&" ion in this Tia=15T+3.1x 10" exp(— 128 1.44T) . @

temperature interval should occur in a proceSS of the type Of'he relaxation rate of rap|d|y re'axing Cente'rl'%:bl, is de-

resonant fluorescence. It appears reasonable, therefore, to ggémmined by that of the MY ions and given by Eq(1).

scribe the temperature behavior of the relaxation rate by an  The cross-relaxation rafé;, is estimated as the width

exponential. The experimental data presented in Fig. 1 argf the resonant line of spins multiplied by the overlap

fitted well by the relation function f (wa— wp,).” Assumingf to be a Lorentzian(cf.
T;1=1.1x 10° exp( — 10X 1.44T) . (1) Ref.9 l‘or a Nd* concentration of 1 at.%, we obtaify,

~10° s ! for the largest possible separation between the

Mo®" and Nd&* resonant lines(the N&* fourfold-

degenerate line for FC,). Thus at low temperatures one can
The effect of cross relaxation on SLR was considered iruse the approximatiofi;,; =T.> T, with

detail, for example, in Refs. 3,7-9. As follows from these

studies, the recovery & spin magnetization to the equilib- )\_ETl—lJFT—l%.

rium level via cross relaxation through thespins is de- a N,

T15 (Tig ~T1a) Ny

=T
T +T T Na

)

2. DISCUSSION OF RESULTS

©)



Phys. Solid State 40 (11), November 1998 Aminov et al. 1835

The N&* ion concentrationN, was taken equal to Tl—lzo_64-|-+3_1>< 10" exp(—128x 1.441T)
1.4x 10°° cm3, which is 1 at.% of ¥* ions in the crystal.

N,~2.2x 10" cm™ 2 is the M&™™ concentration in sample +1.7X10% exp(— 16X 1.447T) . (7)
A. This yields the following expression for tianomalou’ The authors express their gratitude to G. A. Ermakov,
spin-lattice relaxation of N ions in sampleA occurring by g v/, Antonov, and G. A. Denisenko for providing the single
way of cross-relaxation via Mg ions: crystals, and to R. Yu. Abdulsabirov and M. R. Gafurov for
T, 1=1.5T+3.1x 10" exp(— 128x 1.441T) assistance in measurements.
+1.73x10° exp(—10X1.441). (6) IA. A. Kaminskii, Laser Crystalgin Russian (Nauka, Moscow, 1975

. ) 2C. Y. Huang, Phys. Rev. A39, A241 (1965.
Figure 2 shows experimental data on the SLR ofNd  3kh. s. Bagdasarov, D. M. Daraseliya, and A. A. Manenkov, JETP Bett.

ions (for the fourfold-degenerate lingn YAG samplesB, 323(1968.

' + ; " 4L. K. Aminov, I. N. Kurkin, S. P. Kurzin, D. A. Lukoyanov, I. Kh.
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their fitting With Egs.(4), (6), and(l}. _ [JETP84, 183 (1997)].
We readily see that E6) describes fairly well the SLR  5L. K. Aminov, I. N. Kurkin, and D. A. Lukoyanov, Appl. Magn. Res.,

of Nd®* ions in sampledA, which argues for the anomaly eiigi(ifgpfzsi Yo N. Dubrov. L N. M V. O, Marti §
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centers. One can achieve a practically perlfect fit to the eX7G. H. Larson and C. D. Jeffries, Phys. Raw5 311 (1966.
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Groups of lines corresponding to octahedral cubic and trigonal impurity centers have been
isolated in complex many-center luminescence and excitation spectra®6tdped KMgk and
KZnF; crystals. The crystal-field potentials derived from the spectra are in good agreement
with those of similar centers in CsCaFb®* crystal studied earlier. €998 American Institute
of Physics[S1063-783%08)01411-7

1. Luminescence spectra of the impurity centers of cubi®btained by the gating technique. The separation of spectral
and trigonal symmetry produced by incorporating®Ybions  lines according to the types of impurity centers was achieved
in the octahedral positions of the doubly charged cations ity the phase modulation methdd.

KMgF; and KZnF; were first studied in Ref. 1. The crystal- Figures la and 2a display, respectively, the complex lu-
field parameters were derived in Ref. 1 from the experimenminescence spectra observed in KMgihd KZnk; crystals

tal 2Fs,, F,, Stark multiplets andy factors of the lowest in the near IR region at liquid-nitrogen and helium tempera-
Yb3* Kramers doublets. Our EPR and optical-spectroscopyures. These spectra are similar to the luminescence spectra
studieg of similar impurity centers in the somewhat looser of cubic (al type) and trigonal &ll type) impurity centers in

but cubic crystal CsCaf~combined with their interpretation the isostructural matrix CsCa€ The phase modulation
within crystal-field theory revealed that the crystal-field po- technique made possible separation of the spectral lines re-
tential of this compound differs substantially from those re-lating to cubic(Figs. 1d and 2dand trigonal(Figs. 1¢c and
ported in Ref. 1. Some of the crystal-field parameters coin2c) impurity centers. This permitted us to construct empirical
cide neither in sign nor in magnitude, and these differenceschemes of the Stark ground-state multiglet,, of the im-
cannot be assigned to the lattice constant changes involved purity centers under study, and to assign the observed spec-
the transition from the KMgf and KZnk matrices to  tral lines to transitions from the lowest state of the excited-
CsCak. state’F </, multiplet to the corresponding levels of thE,,

We also noticed that the experimental energy-leveimultiplet (see insets to Fig. 1¢0,dAs seen from this assign-
schemes presented in Ref. 1 are not complete, indeed, theyent, the lowering of the point-group symmetry@a, in-
do not contain the upper Stark levels of the excited-stateolved in going from a cubic to a trigonal impurity center
2F¢,, multiplets of YB** ions. Besides, the assignment of the brings about an insignificant line splitting for the cubic im-
cubic impurity-center lines is wrong. In particular, one of the purity center. For instance, link splits into lines6 and 10,
lines observed at liquid-nitrogen temperature was assigned toe 2 into lines7, 8, 11, 12 and line3 into lines9 and 13
a transition from an excited level of th&F g, multiplet  (Figs. 1 and 2 This experimental observation allows the
(which is distant from the lowest level of this multiplet by following conclusions. First, the trigonal distortion of the
approximately 1000 cm') to a level of the’F,,, ground-  cubic crystal-field potential involved in going from a to
state multiplet. Obviously enough, such a transition is hardlyall impurity center is insignificant. This conclusion is sup-
likely to occur at nitrogen temperature. ported also by the weak anisotropy of thdactors™® Sec-

This stimulated us to carry out a more comprehensiveond, the luminescing level and the first excited Stark level of
study of the luminescence and excitation spectra of octahehe ground-state multipléF-,, of Yb>* cubic-impurity cen-
dral cubic and trigonal Yb" impurity centers in KMgg and  ters are quartets.

KZnF; crystals using modern experimental and theoretical The luminescence spectfigs. 1 and 2have permitted

methods of analysis of many-center spectra. This study hasonstruction of the complete energy-level scheme only for
produced a more complete experimental information comthe ground-state multiplets of the impurity centers under
pared to Ref. 1, and it was subsequently employed to detestudy. Determination of the structure of the excited-state
mine for both impurity centers their crystal-field parametersmultiplets of these centers would require the knowledge of
which agree with those of similar centers in the CsgaF the absorption spectra of these crystals. We did not, how-
crystal. ever, succeed in measuring the corresponding absorption

2. Optical spectra were measured with a spectrometespectra because of the low concentration of thé Yimpu-
described elsewhere. Because YB' ions allow only reso- rity ions. We used, therefore, the excitation spectra of the
nant excitation, the luminescence and excitation spectra wemgystals in which, in contrast to the absorption spectra, it

1063-7834/98/40(11)/6/$15.00 1836 © 1998 American Institute of Physics
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FIG. 1. (a, b Luminescence spectra of KMgiYb3*; (c, d) spectral lines of predominantly octahedral trigonal and cubi&"Yimpurity centers, respectively,
isolated by phase modulation. Here and subsequently, the line number refers to the number of the transition between the energy levels to which they were
assigned. Asterisk identifies the lines interpreted in Ref. 1 as belonging to the octahedral cubic impurity center.

was found possible to isolate by the phase modulation techzenters from a comparison of the luminescence spé€tgs.
nique the spectral lines belonging to the octahedral cubic andl and 2 with excitation spectréFigs. 3 and 2 For the cubic
trigonal YB** impurity centersFigs. 3 and 4 center, these are lings and for the trigonal one, linesand

We were able to determine the absorption and emissioa3 (Figs. 1-4. Spectral lines (Figs. 3a and 4ais radiated in
transitions connecting the same energy levels of the impurityhe transition from the ground state of the excited-state mul-
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tiplet 2F 5, of the cubic YB* impurity center, and lind4, in ~ 4f'® configuration, an energy matrix including spin-orbit

that of the trigonal centefFigs. 3b and 4b coupling of the YB™ ion and its interaction with the crystal
The experimental level energies and théactors mea- and external magnetic fields was constructed. The crystal-
sured in Refs. 1 and 5 are listed in Table I. field potentials were constructed in the standard way through

3. To assign the experimental optical and EPR spectr¥{ harmonic polynomial§.The Cartesian coordinates of the
produced by transitions between the states offhéerm of  4f hole in cubic impurity centers were reckoned from the
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cubic axes of the crystal. For trigonal centers, #hexis of  somewhat in absolute magnitude in going from the KMgF
the frame was aligned with the symmetry axis of the impu-q KZnF, matrix.
rity center, and the other two were oriented so that one of the  aq seen from Table Il. our crystal-field potentials differ

ligands in the nearest-neighbor octahedral environment "eﬁoticeably from those quoted in Ref. 1, particularly B

within the —xz quadrant in thezx plar_le. . ._and Bg parameters. The signs of the parameters obtained in
The parameters of the crystal-field potential and spin- . i )
orbit interaction¢ were obtained from the best fit to the (€ WO works coincide, with the exception of thatR. The

experimental energy-level diagrams agthctors by the pro- negative sign o8 was, however, confirmed by microscopic
cedure described in Ref. 3. Table | presents the calculategplculations. The crystal-field characteristics obtained in
level energies and factors together with the wave-function Ref. 7 agree satisfactorily with our empirical parameters. The
symmetry characteristics. The quality of fit to the experimen-only exception is th@5 parameter, which is smaller than the
tal Stark energy-level schemes is seen from the fact that thgalue obtained by us.

rms deviationo did not exceed 3 cm' for all four types of  Note also that our theoretical values of théactors for
impurity centers. The calculated crystal-field and spin-orbite typeall trigonal impurity centers agree considerably bet-
coupling parameters are listed in Table II. Also presented arg., with experiment than the ones obtained in Ref. 1. For
the crystal-field parameters for the KMg&nd KZnk, crys- example, the deviation of the experimergdactors from the

tals obtained in Ref. 1 and for the CsGamatrix, which is . .
isomorphic with the matrices under study here. F:al;ulfatleqtyalgels;s 0.031 in our casee Table I, whereas
in Ref. 1itis 0.15.

Our crystal-field potential¢see Table Il for the YB** ) ) ]

another and follow the general trend to decrease with infor octahedral cubic and trigonal Yb impurity centers for a
creasing lattice constant. The slight deviations from thisnumber of perovskite-type cubic crystals. These parameters
trend observed for tth, Bg, and Bg parameters increase can be used in spectral assignments for similar impurity cen-
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TABLE |. Energy levels(in cm™1) andg factors of YB* impurity centers in KMgk and KZnF; crystals.

KMgFs, KZnF;

J Symmetry characteristics Experiment Theory Experiment Theory

1 2 3 4 5 6

Type al cubic impurity center

5/2 21“7’ 11179 11176 11145 11145
2I‘g 10409 10409 10403 10401

72 rs 1100 1103 1084 1082
rg 433 433 443 442
Ty 0 0 0 0
Ty —2.584(Ref. 5 —2.667 —2.582(Ref. 1) —2.667

Type all trigional impurity center

5/2 T, 11131 11133 11118 11119
3 . 10421 10418 10412 10412
‘T, 10376 10374 10368 10366

712 °r, 1062 1058 1044 1041
T 402 401 374 373
r, 383 383 366 366
r, 0 0 0 0
dir, —1.844(Ref. 5 —1.844 —1.82(Ref. 1) —-1.824
dir, —2.896(Ref. 5 —-2.928 —2.90(Ref. 1) —-2.931
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TABLE Il. Crystal-field and spin-orbit interaction parametérscm™1) of Yb®* octahedral impurity centers in
KMgF;, KZnF;, and CsCak-crystals.

Type al cubic impurity center Typall trigonal impurity center.

Matrix 3 B4 Bs ¢ By B} B Bf B Bg

KMgF; (Ref. 1) 311 9 40 —-185 —-6050 —-10 —-90 30
KZnF; (Ref. 1) 318 8 35 —-188 -—-6200 -9 —-70 20
KMgF; (Ref. 7) —-63 —176 -—-5568 42 —246 389
KMgF; 2900 334 4 2903 —278 —221 5450 —42 -—-220 490
KZnF; 2897 325 7 2905 —282 —218 -—-5351 —-50 -—246 454
CsCak 2905 293 -2 2906 —232 —-203 -5004 -34 -—112 352

Note: 1. The signs of paramete8; and B} calculated with inclusion of lattice strain were reversed in
accordance with our choice of the axes of the tgpeimpurity center. 2. The difference of the crystal-field
parameters for CsCaHrom the corresponding figures quoted in Ref. 3 is due to the fact that we reached a
better fit to experimental values owing to a better convergence of the variational procedure.

ters with other rare-earth ions injected into fluoride matrices“B. N. Kazakov, A. V. Mikheev, G. M. Safiullin, and N. K. Solovarov, Opt.
of perovskite structure. Spektrosk.79, 426 (1995 [Opt. Spectrosc79, 392 (1995].
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Anisotropy of the Faraday effect in crystalline quartz
M. A. Novikov and A. A. Khyshov
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The anisotropy of the Faraday effect in crystalline quartz was measured for the first time. The
optical-wedge method was used to investigate the Faraday effect under conditions of

strong linear birefringence and optical activity. ®98 American Institute of Physics.
[S1063-783®8)01511-1

Most experimental works on the Faraday eff@€E) in  tigation of the anisotropy of the FE in crystalline quartz
anisotropic crystals without magnetic ordering concern thga SiO,) with the corresponding parameters measured in a
simplest case, where light propagates along the optic axisongitudinal magnetic field with light propagating both along
This is due to the fact that it is very difficult to observe the and perpendicular to the optic axis.

FE for other directions when a large natural linear birefrin-  For crystals in a constant external magnetic field, taking
gence(NLB) is present. The picture becomes even moreaccount of only the linear terms, the reciprocal-permittivity
complicated in anisotropic optically active crystals. In Ref. 1tensor can be represented as

it was shown experimentally that in anisotropic crystals the 1, N -1 .

FE in combination with optical activityOA) result in a non- gij (@)= 80ij (@) +iijm Ym @) Hi(0), @)
reciprocal optical effect similar to the magnetochiral effectwhere sgijl(w) is the reciprocal-permittivity tensor for the
(nonreciprocal linear birefringengefirst measured experi- undisturbed crystak;;, is the completely antisymmetric unit
mentally in an optically active lithium-iodate crystal in a tensor,y,( ) is a polar tensor, an#i(0) is the constant
transverse magnetic field under conditions with no?ABE.  magnetic field vector. In the absence of absorptigp(®) is
the longitudinal configuration with the light propagating per- a real tensor. For crystals of different symmetry the form of
pendicular to the optic axis, the above-mentioned combinethe tensory;; is presented in Ref. 6. For trigonal quartz crys-
manifestation of FE and OA makes it difficult to observe thistals (32)

new effect in pure form. In this case the value of the FE and _

the OA under conditions of a large NLB is very important. It Ymi=AGE T Beses. @
is well known that in this case the FE will be manifested notIn Eq. (2) an invariant method is used to express tensors of
as nonreciprocal circular polarizatigrotation of the polar- rank 2! whereeg; are unit vectors along the crystallographic
ization plang, but rather as nonreciprocal elliptical bire- axes ancge; is a dyadic product of two unit vectors.
fringence®* Under these conditions the effect of the FE on  Using the results of Ref. 6 we can obtain an expression
the polarization of light which has passed through the crystafor the ellipticity (the ratio of the semiaxes of the polariza-
has a very complicated dependence both on the polarizatidion ellipse of light for ordinary and extraordinary rays for
of the incident light and on the length of the crystal and thean uniaxial quartz crystdB32)

magnitude of the linear birefringence, as a result of which
the effect is very weak. In the conventional procedure, where, _
the FE parameters are studied using crystal samples in the (nZ—n3)[1—(s-c)?]
form of plane-parallel plates, not only do serious experimen- (3)

tal difficulties arise because of the weakness of the effect, byt .o < is a unit vector in the direction of propagation of the

the parallelism of the plate faces, the divergence and widthynt andc is a unit vector in the direction of the optic axis.
of the radiation spectrum, and the stabilization of the sample™ | the case of a longitudinal magnetic field(0)

temperature must all satisfy exacting requirements which_ s-H(0) with light propagating in a direction normal to the
creates additional problems. For this reason, at the presegbtic axis 6L c)
time there are essentially no experimental data on the anisot-

2.2
NoNe

[A(s-H(0))+B(s-c)(c-H(0))].

ropy of the FE constants in paramagnetic and diamagnetic ngng

crystals. In the present work, to solve these problems, we use @= 5 5 AH(0). (4)
. Ne—Ng

a modulation method and a wedge-shaped sample to measure

the FE parameters in the presence of large NLB. The wedgEquations(3) and (4) were obtained in an approximation
angle is chosen to be large enough so that the ordinary anghere the natural birefringence is large compared with the
extraordinary rays in the wedge would not spatially overlapanisotropy associated with the FE. In the case that the light
at the exit. Then it is obvious that all information about the propagates along the optic axisg(: ngzno), the following

FE will be contained in the ellipticity of these waves at the expression can be obtained for the rotation angle of the po-
exit. The present work is devoted to the experimental inveslarization plane of the light in a longitudinal magnetic fiéld:

1063-7834/98/40(11)/2/$15.00 1842 © 1998 American Institute of Physics
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Magnetic field PD1 magnitude of the signal was normalized to that of the signal
- A4 W due to the FE in a fused quartz plate of known thickness. The
Z 4& magnitude of the FE along the optic axis of quartz was mea-

sured without the\/4 plate.

T Y The measured parameters for quartz crystals were
ox
A=(2.14+0.09 X 10 *0e 1,

' PD2
A+B=(2.330.09%x10 0oe 1.
He-Ne Thus the anisotropy of the FE for crystalline quartz is quite
small
FIG. 1. Experimental arrangement.
A
™ It is interesting to compare the magnitude of the anisotropy
6=—n3(A+B)H(0)I, 5 ) : . :
A of JH(0) © of the FE with the anisotropy of other physical properties of

whereN is the wavelength of the light aridis the length of this crystal, specifically, the anisotropy of the magnetic sus-
the crystal ceptibility. They should be quite close to one another. How-

In the experiment, a single-pass optical arrangement for Ve, We were not able to find any 'published' e.>§perimental
measuring the FE with a/4 phase platéFresnel rhomp data on the anisotropy of the magnetic susceptibility for crys-

was used in the experimefgee Fig. 1 The crystals inves- talllr:e quarltz._ hat th v of th : ;
tigated were cut out in the form of a wedge, which made it n conclusion we note that the study of the anisotropy o

possible to separate the ordinary and extraordinary rays. H“nf FE in cr.y§tals is undoubtedly of inte_rest from the stand—
LGN-302 helium-neon lasen=0.63 um) served as a ra- point of gaining a deeper understanding of magnetooptic

diation source. A differential detection scheme, constructed'0C€SSes- We hope that the method proposed in the present

on the basis of a Wollaston pristi) and two photodiodes paper for measuring the Faraday constants will make it pos-

(PD1 and PD2), was used to compensate the amplitudeSible to measure these quantities with adequate accuracy in a

noise of the source. The magnetic field was modulated sinu"—vIde c!ass of anisotropic crygtals. .
This work was supported in part by the Russian Fund for

soidally with frequency 65 Hz. Its amplitude was equal to q IR 5 95-02-056

1-3 kOe. The signal was recorded with a synchronous dd-undamental Resear¢fBrant 95-02-05658

tector. Fo a 1 mWlaser the sensitivity of the apparatus was

1076 rad with an averaging time=3s. IM. A. Novikov and G. V. Gelikonov, Opt. Spektrosk5(4), 854 (1993

. o _ [Opt. Spectrosc7s, 506 (1993].
After passing through the crystal the laser radiation be-2\,"\" Vi a0y M. A. Novikov, and A. A. Turkin, JETP Let25, 378

comes ellipticity-modulated. The/4 plate converts the el- (1979,
lipticity modulation into modulation of the rotation angle of °F. F. Sizov and Yu. I. Ukhanowlagneto-Optic Faraday and Voigt Ef-
the polarization plané\ 0= . fects in Application to Semiconductofm Russian, Naukova dumka,

. . Kiev, 1979, 180 pp.
It can be shown that for this optlcal measurement 4G. A. Smolenski V. V. Lemanov, G. M. Nedlin, M. P. Petrov, and R. V.

scheme the signal at the output of the differential amplifier pisarev,Physics of Magnetic Insulatofén Russiad, Nauka, Leningrad,

will be 1974, 454 pp.
5V. A. Agronovich and V. L. GinzburgCrystal Optics with Spatial Dis-
AJ~2JOA 6, (6) persion and Exciton§Springer-Verlag, N.Y., 1984, 2nd edition; Nauka,

. . . . . Moscow, 1965, 376 pp.
whereJ, is the light intensity A 6= ,cos(2t), and(} is the ®M. A. Novikov, Kristallografiya26(3), 437 (1981) [Sov. Phys. Crystal-
modulation frequency of the magnetic field of the electro- logr. 26, 249(1981)].

magnet. In the experiment the dependencéq odn the mag- ’G. N. Maloletkin and V. L. FominTensor Bases in Crystal Physifis
g . . Russiaf), Leni iversity P Leni 1972.

netic field amplitude was measured. As expected, this depen-RUSsial Leningrad University Press, Leningrad, 19

dence is linear. To increase the measurement accuracy theanslated by M. E. Alferieff
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Photorefractive effect in sillenite crystals with shallow traps in a sign-alternating
electric field
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The results of a theoretical analysis of the photorefractive response in crystals with shallow traps
to in a sign-alternating, square-wave electric field are presented. The numerical analysis

method developed imposes no restrictions on the frequency of the external field and the period
of the photorefractive grating. The parameters characterizing deep donor and shallow trap
centers are estimated on the basis of investigations of two-beam interaction j55&08j: Cd

crystal with the application of a sign-alternating, square-wave electric field.988

American Institute of Physic§S1063-783%8)01611-9

Photorefractive  effects in  sillenite  crystals spatial period is much greater than the diffusion and drift
Bi;,Si0y, Bi;2GeOyy, and Bi,TiO,o have been under inten- lengths.
sive investigation for more than 20 years! These phenom- In the present paper we present the results of a theoret-
ena are associated with the formation of a space charge fiei@l analysis of the space charge field of a photorefractive
in the crystal under the action of nonuniform illumination 9rating in a crystal with shallow traps, placed in an external
and with modulation of the refractive index of the medium €lectric field of a square-wave form, with no restrictions on
by this field as a result of the linear electrooptic effect. ThelNe spatial period of the interference pattern. The experimen-

comparatively small electrooptic constants of the silleniteéalI investigations of the efficiency of two-beam interaction

_ . L - were performed on a sample of acadmium-doped crystal
(~5 pm/V) require the application of external electric fields Bi1,SiOx: Cd, in which in previous work generation of spa-

to the cr_;gstals in_order t(.) increase t he. photprefractlve[ial subharmonics of a photorefractive gratifignd a depen-
responsé® From the technical standpoint it is simpler to dence of the coefficient of two-beam amplification on the

use a sign-alternating fiefd. ~light intensity, tentatively attributed to the presence of shal-
In Refs. 8 and 9 it was demonstrated that the amplitudgg,, trap centerg? were observed.

of the photorefractive grating in sillenite crystals depends on

the frequencyf, of the external sign-alternating field. In a 1. THEORY

theoretical analysis of the photorefractive response, taking

account of the dependence of the response on the external A model of the energy levels of a photorefractive crystal

field frequency?~*2an elementary model of charge transportfor the dominating electronic phqtoconductivity, including
in a crystal with single partially compensated donor level is d€€P donors and shallow electronic traps, was studied in Ref.
as a rule, employet In Ref. 14 it was noted that a quite 18. This model is described by the material equations

complete analysis of photorefractive effects in sillenite crys- aNiD i i

tals is impossible without taking into account their character-  —; — 5ol (No—=Np) = ¥onNp, )
istic features, such as the complicated structure of the impu-

rity levels in the band -gab'?lé In Ref. 17 a model of a —M=—(STI+,8)M+yTn(MT—M), @)
photorefractive crystal including deep donor and shallow at

trap levels was used to explain the dark erasure of photore-

J . 1
fractive gratings in a BLSiO,q crystal. Reference 18 is de- E(NID_ M—n)+ EV-j =0, 3
voted to a detailed theoretical analysis of photorefractive ef-
fects on the basis of this model of a crystal in the absence of j=eunE+ ukgTVn, 4

an external field and in the approximation of low light inten-

sity. In Ref. 19 the amplitude of the photorefractive grating v.g=— E(n— NL+Na+M), (5)
in the presence of a high-frequency external square-wave €
field in a crystal with deep donor and shallow trap levels wasvhere N, M+, andN, are the total densities of donors,
found on the basis of a probabilistic approach. However, thahallow traps, and acceptois!,, M, andn are the densities
results obtained there are applicable only to gratings whosef ionized donors, filled shallow traps, and electrgnis; the

1063-7834/98/40(11)/6/$15.00 1844 © 1998 American Institute of Physics
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electronic current densit\ is the electric fieldsp, st and d Ml M, ng

vp, YT are the photoionization cross sections and the recom- gt ~— T_T - T_A —mloStMy, 11
bination constants for deep dono{®) and shallow traps

(M); B i; the coefficient of'therr.nal excitation of shallow dn, 1 1 1 1 1+R
traps;u is the electron mobilitykg is Boltzmann’s constant; ar il = ny -

T is the temperatures is the elementary electric charge; and, ! di di T R

¢ is the static permittivity of the crystal.

Let us examine the space-charge field of the photorefrac- +
tive grating formed in a crystal in the presence of an inter-
action of two beams with intensitids andl,. For the light
interference pattern

1
. +mlg{sp(Np—Na—Ng) +stMg}. (12
A

The solutions of Eqs(10)—(12) and (5) with a constant
external field have the form

I=1[1+mcogKz)], (6)
wherel,=1,+1, is the average intensity amdis the degree Fu()=Fiot AFy exp(p,0) + AF2 exp(pat)
of modulation, we assume that the grating vedtor Kz, +AFzexp(pst), (13
and the applied fieldE,=Eyz, are directed along th& axis
of the coordinate system. If the degree of modulation is small . €
(m<1), then Egs(1)—(5) can be linearized by representing Ea(t) =i R(Nl(t)_ M1(6) = ny(1)). (14
the solutions for the functionS(z,t), M(z,t), n(z,t), and
E(z,t) in the formt® The functionF 1(t) represents the amplitudes of the first spa-

tial harmonics ofN4(t), M4(t), andn4(t). The stationary
values of the charge densitids,, M4y, andn,g are deter-
(@) mined by the expressions
Representing the average density of the ionized donors
asNpo=Na+ Ny we employ the approximation of low light Nio=mlo7
intensity | 5, where the average electron dengity satisfies
the inequalitiefg<<Ny andng<<M,. In this case the electron

F=Fy(t)+0.5F(t)exp( —iKz)+F7 (t)expiKz)].

XSD(TI,?TT+ 74i TAR) (Np—Na—No) —Sr7r7a Mo

recombination time is much shorter than the relaxation time Ta(TgiR+ 7))+ Th7r
of shallow traps, and the condition of charge conservation (15)
No= Mg+ ng simplifies toNg~M,, while the average den-
sities of filled traps and electrons can be obtained in the =
form18,21 p MlO mloTT
XTI,?TISD(ND_NA_ No) —St7a(7qiR+ 7)Mo
Mo= 25[(ND+ M1—Nad) ra(TgiR+ 7)) + Thrr '
~(Np+M7—Npo)2—4(Np—NaM7ol,  (8) 18
:SDIO(ND_NA_NO) © N mlgte Sp7i(Np—=Na—Ng) +sr7tMg 17)
0 Yo(Na+Ng) ' 10 OTRTA TA(TgiR+ 7)) + TR7T ’
wheres=1-sryp/(Spyr) = B¥p/(Sp7rlo)- where  Ep=KkgT/e, E.=e(Na+No)(1— (N,

—Ng)/Np)eK, 7r=1yp(Na+Ng), 75=Ly(Mr—My),
2. DYNAMICS OF GRATINGS IN AN EXTERNAL ELECTRIC 71=U(splo+ yoNo), and 7r=1/(Splo+ B+ yrno). The
FIELD complex constantp,, p,, andps have a negative real part,
they determine the dynamics of the space charge gratings,
The character of the temporal behavior of gratings ofand they are determined by the equation
space charge on deep donors and shallow traps will be influ-

enced by the dynamics of the establishment of the average 1 1 1+R
values of these quantities. For incoherent beéamain and p°+p? _+ T_T+ T_A+ .
signal beamsthe analysis can be limited to stationary values R
for ng, Ng, andM. After the stationary state is reached for R/1 1 1/1 1
Ny, Ng, andM, we can restore the coherence of the beams +py — . + P +— P + p—
to ensure a two-beam interactién. TRV TS TRUTT i
In this case, using the expansidn), we obtain from 1/1 1 1
Egs. (1)—(5) a system of differential equations for the first I _}
spatial harmonics of the space charge TANTL Tdi) TITT
dN; N, ng R 1\ 1 1
_:_—_—+m|03D(Nd NA_NO)1 (10) + —+ — + :O, (18)
dt L 7h T Tdil o7l TITdiTA
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4 x10°° m?/J. The parameters describing the shallow level
E weresr=sp, ¥1=7p, 8=5 s !, andM1=0.8x 10’ m 3.
>' As noted in Refs. 10 and 11, which are devoted to the
b analysis of the frequency dependences of the photorefractive
Qe[ response on the basis of a single-level model, here there exist
— two distinct resonance regions: low- and high-frequency. As
§ the average light intensity, increases, the low-frequency
5‘ X resonances shift to higher frequencies, but the high-
g 0 frequency resonances are unaffected. Characteristically,
_ ) . \ there exists an intermediate frequency range with an almost

'11 10°% 104 10° constant amplitude of the space-charge field, which expands

fo 4 Ha as the light intensity decreases. In this region both the low-
FIG. 1. Frequency dependences of the space-charge field of a photorefra%—nd hlgh frequency oscillations Of the spacg charge field are
tive grating in a crystal with one photoactive levd-3) and in a crystal small and the well-known approximate relatibrisr a crys-
with a deep donor and shallow trap levéds-8). The curves correspond to  tal with one donor level are valid:

average light intensity, (W/m?): 1, 4 — 2; 2, 5— 100; 3, 7 — 1400;6 —

500; 8 — 4000. E§+ En(Ep+E,)

E1=imEq 2 .
Eo+(Ep+Eq)(Ep+E,)

(21)

whereR=(Ep /E/, +iEq/E|, + 75/ 74), E,, = 1/(Ku7g), and
Tqi=¢el(eung) is the dielectric relaxation time. The coeffi-
cientsAM; ,3, Any 53, andAN, , ; are related by

In a crystal with shallow traps, in contrast to a single-
level crystal, the field amplitud&; in the intermediate re-
gion depends on the average light intensgyThe character

(U7 +P123 of this dependence is determined by both the material param-
AMj5=| = m} 1,2,3 eters of the crystal and the conditions of interaciithe spa-
- tial period A of the grating and the external field amplitude
ANy 5=[— (U +P1239]AN; 53 (19  Ep) and will be discussed in greater detail below.

The resonances in the frequency dependence of the pho-
Eo_refractive response at high and low frequencies are related

When the beams are coherent and an external Squarwith the oscillatory character of its dynamics in an external
wave fieldEq(t) is applied to the crystal, space-charge grat- o : )
o(t) is app y P 9€ 9rab | ectric field®'2 The imaginary parts of the constang(k

ings build-up in the crystal until a quasistationary state is” . o
established. We shall consider only the quasistationary re71’2’3) characterizing these oscillations could be compa-

gime, in which the grating amplitudes are periodic functionsrable to the frequenciesy of the waves of charge-transfer

of time. Using the low-known method of matching the solu-°" trapsz,3'24_studied in Refs. 12 and 25 _in application to the
tions for the positive and negative half-periods of the ﬁeldphqtoreflfﬁctlve F?S?Oqse of fatlhcrystal n ;Eheh Iow-ftrequc-]:\ncy
Eo(t), we obtained on the basis of the conditions of continu-(r)?]g't(:g' S ehqgﬁ Iey Z(I:soglzaorat'oe (\;ﬁ\ézsf(r)e c :rge t;i?]z er
ity and periodicity and the relationg19) a system of six bs, whi qu ! quengy

12 H
linear equations for the coefficiendﬂ\lf, ANZ?, andANg, real part of the constan,, determlnes the sharpness of
: . . . the observed resonances. Table | gives the values of the con-
which we then solved numerically for each desired point.

stantsp, for the conditions considered above for the analysis
of the frequency dependences presented in Fig. 1. The con-
stantp, in this case describes the low-frequency oscillations
of the space-charge field, which are due to charge transfer on
As is well known>* the imaginary part of the space- deep donor centers. Ti@of this wave of charge transfer on
charge field of a photorefractive grating determines the twotraps in a crystal with one photoactive level does not depend

and can be found from the initial conditions.

IIl. ANALYSIS OF THE FREQUENCY DEPENDENCES OF
THE AMPLITUDE OF THE SPACE-CHARGE FIELD

beam gain on the average light intensity and assumes the vélye
o Im (E,) ~3.6. In a crystal with shallow traps the quality factor is
= —ngreﬁ—l, (20) minimum for | ;=100 W/nf (Q~2.4) and is essentially in-
A m dependent of the intensity for,>500 W/n? (Q~3). A

whereX is the wavelength of the lighn, is the refractive lower quality factor leads to less pronounced resonance
index of the crystal, and is the effective electrooptic con- peaks in the low-frequency region for a two-level crystal
stant. than for a one-level crystdFig. 1).

Figure 1 shows the frequency dependences oEl)im The position of the resonances in the high-frequency re-
for crystals with one deep donor lev@urves1-3) and for ~ gion depends on the imaginary part of the consganand
crystals with a deep donor and shallow trap lev@srves can be found from the relation
4-8) with external field amplitudé&,=10 kV/cm and pho- _ _
torefractive grating period = 15 xm. In the calculations the wpTof2=2mv,  v=123.... 22
material parameters referring to a deep level corresponded to The frequencyw, of the high-frequency wave of charge
those used in Ref. 1INp=10"° m 3, N,=10?2 m 3, u  transfer on traps does not depend on the light intergignd
=3%x10 % m?/(V-9), yp=1.65x10 1 m¥s, andsp=2 is same for both one- and two-level models of a crystal.
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TABLE |. Characteristic constants for crystals with deep donor centers and shallow traps and with one photo-
active level with different values of the average light intensity.

M;=0.8x10% m3 M;~0
o, Win? P1 p;x10°° Ps P2 p,X10°°
2 —0.094+i0.289 —-0.311-i1.257 —4.99-i0.274 —0.082+i0.294 —-0.179-i1.257
100 —8.53+i20.8 —0.311-i1.257 —5.03+i0.255 —4.13+i14.9 —0.179-i1.257
500 —29.3+i87.0 —0.311-i1.257 —10.9+i0.042 —20.5+i73.7 —0.179-i1.257
1400 —72.3+i220 —0.312-i1.257 —21.6+i0.0097 —57.6+i206 —0.180-i1.257
4000 —194+i591 —0.313-i1.257 —51.3+i0.00167 —166+i588 —0.183-i1.257

However, the quality facto®, and the sharpness of the reso- quency range of the external figld; sT¢/2|<1, and the am-
nances at high frequencies decrease when shallow traps gritude of the steady oscillations of the space-charge field is
present in the crystal. The constamt characterizes the pro- much smaller than the average value of the amplitude of this
cesses which are associated with the contribution of shallovield. This makes it possible to expand the exponential func-
traps to the photorefractive response and have a very lowons in the solutiong13) for N;(t) and M,(t) in a series
quality factorQz<<1 in the case at hand. For this reason,and to retain only the first two terms of the expansion, and
here no resonances associated exclusively with shallow trapgke solution can be sought for any convenient moment in
are observed. time in the period of the external field.
The amplitude of the first spatial harmonic of the electric
field at timet=0 on the basis of these assumptions can be
represented as

4. SPACE-CHARGE FIELD IN THE INTERMEDIATE

E _ E* * ~*
FREQUENCY RANGE 10P1P3~ E10P1 P3
N E4(0)= , (23

At intermediate frequencies Re(p,To/2)>1, i.e. the P1Ps+PIP3

high-frequency oscillations rapidly decay after each switch- ] ) ]
ing of the external field and their contribution can be ne-WhereEi=ie(N;;—M;g)/(¢K). Using below the analytical

glected. In this case in E4L2) we can sebn, /dt=0 and in  €xpressions for the roofs; and ps, the approximation of
Egs.(13) AN,=0 andAM,=0. The equatior(18) for the low light intensity, apd the relation€l5) and (16) for Nqq

constantsp, can be reduced to a quadratic equation and &1dM 1o and neglecting small terms of ordeg/r4;<1, we

system of four linear equations for determining the constant§Ptained an expression for the amplitudg(0) in the form

AN; andAN; can be obtained from the conditions of con-

tinuity and periodicity. Moreover, in the intermediate fre-  E1(0)=ImEg

{Ep[Ep+E,(1+ 7/ 7)1+ EGH(1+ mhrr /(74 m)STl o/ (B+ 51l )
{[Ep+E,(1+ 7R/ 7o) [Ep+Eq(1+ 7hrr/(7a7)) ]+ EG}

(24)

The expressioi(24) for the amplitude of the first spatial the space-charge field and the redistribution of the recombi-
harmonic of the space-charge field in a crystal with shallownation rates of electrons on shallow and deep levels as shal-
traps placed in a square-wave field with an intermediate frelow traps are occupied.
guency reduces, as the dendil; of the shallow traps ap-
proaches zero, to the well-known express{af) for a crys-
tal with a single deep trap levéIThe presence of shallow 5. EXPERIMENTAL PROCEDURE
traps leads mainly to renormalization of the recombination

time 7p= Uyp(NatNo), the drift field E,=1Kprg, and  Gimensions 10.%8.1x7.9 mm along thd110], [110], and

the saturation field of the trafi;~e(Na+No)/eK. This IS 001} axes. The sample was cut out of a Czochralski-grown
gue to the increase in the average density of ionized d°”°r§ilzsi020:Cd crystal. The generation of spatial subharmon-
N5=Na+Ng as a result of electrons settling on shallow ics of the photorefractive gratiAand the dependence of the
traps when the crystal is illuminated. Moreover, the relationtwo-beam gain in the absence of an external field on the light
(24) takes account of the influence of the thermal generatiointensity* have been observed in this crystal. This depen-
of electrons from shallow traps into the conduction band ordence was attributed to the presence of shallow trap centers.

The investigations were performed on a sample with the
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£, (£)~ 2-10 kV/cm.
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FIG. 2. Diagram of the experimental apparatus.

He—Ne laser radiation with wavelengit~ 0.633 wm

Kobozev et al.

tude reached a stationary value-t200 s, occurred from this
moment. The intensitie$;y(d) and Ico(d) of the signal
beam at the exit from the crystal with incoherent and coher-
ent pump beams, respectively, after the stationary level was
reached were used to find the two-beam &ain

21 |co(d))
'3 '”( (@) )

(25

VI. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 shows the experimental curves of the two-beam

and maximum powef-50 mW was used in the experiments. gain versus the external field frequency that were measured
The experimental setup is shown schematically in Fig. 2. Thevith a spatial period of the grating =7.3 and 42um and
laser beam was divided into two beams of equal power byaverage light intensity,=8800 W/ntf. The main problem in
half-transmitting mirrorl. Neutral light filters2 attenuated fitting the theoretical curves presented here to the experimen-
the signal beanig by a factor of 100-2000. The mirros  tal data was the lack of information about the material pa-
and4 ensured that the signal and reference beams convergedmeters of the experimental crystal in the two-level model.
in the crystal. The mirro8 was glued to the dynamic he&d We took as a basis the paramet&dts=10"> m 2 and u
making it possible to produce a signal beam which is inco=2x10"® m?(V-s) and the conditiodN,<Np, which are

herent with the reference bealp by applying to it a sinu-

characteristic for a nominally pure B8iO,, crystal'! and

soidal voltage with frequency-400 Hz. The power of the equal photoionization cross sectioss=sp . In this case we

signal beam after passage through the cryStalas mea-
sured with a calibrated photodiode

obtain from the experimental value of the absorption coeffi-
cient ay=0.15 cm! the value sp=ay/(AwNp)=4.8

The spatial period of the grating was regulated by vary-x 10~ m?/J. The remaining material parameters were deter-
ing the convergence angfge of the beams. In so doing, the mined by fitting: acceptor densit{,=2x10?* m™3, total
bisector of this angle was oriented in the direction normal tonumber of shallow trap#1+=2x 107 m~3, recombination
the entrance fac€l10) of the sample, while the photorefrac- constant on deep donong,=0.83<10" 1" m3.s7 1, recom-
tive grating vector was parallel to tH®01] axis. A high  bination constant on shallow trapg;=4.95<10"1 m?
square-wave voltage was applied to ®®1) faces of the -s !, and thermal excitation rat8=8 s 1. We also call
crystal using copper electrodes. Two generators, giving attention to the variance in the values employed for the elec-
square-wave voltage amplitude from 2.5 to 8 kV, were usedrooptic constants ranging fromz=0.64 pm/V atEy=8.9
to investigate the frequency dependences of the photorefra&V/cm to r4=0.74 pm/V atEy=3.1 kV/icm (A=42 pm).
tive response in the range from 100 Hz to 5 kHz. These differences could be due to both uncontrollable

Signal and reference beams which are incoherent bezhanges in the state of polarization of the light beams for
tween one another were used in the preparation of the exifferent experiments and the dependence of the effective
periment. These beams illuminated the crystal for a time inelectrooptic constants on the external fi&id.
terval during which the average densitidg, My, andng Except for the frequency range below 600 Hz for the
reached stationary values. Then the acoustic generator wasrrve 4 in Fig. 3, the theoretical frequency dependences
switched off to stop the mirrors and the interacting beamsagree well with the experimental data. The discrepancy noted
became coherent, i.e. they formed in the crystal a stationarfor curve 4 could be due to an incorrect choice of the mate-
interference pattern. Formation of a grating, whose amplirial parameters.

4}
oo™ = =

| 9oy W T gt emepe e 5

u#l ja] a a o - -d' _____
Y 2 ',’ FIG. 3. Frequency dependences of the two-beam gain
5 P S & 1_ 2 z_q_ _?_ . SR with a spatial period of photorefractive grating=7.3

IS === Bl AP A OI ———————— O— (1-3) and 4.2um (4, 5). The curvesl-5 correspond to
[ —- 4 £ 0 2 external electric field€,=3.1, 5.2, 8.9, 3.2, and 8.9
kvicm.
a
-1 1 (] A A A
0 1000 2000 3000 4000 5000

0+ Hz
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'ﬂ ° 2 FIG. 4. Two-beam gain versus the average light inten-
© sity. 1 and2 — calculation using the exact method with
.2'4 M;=2x10?' m % andM;=0; 3 and4 — calculation

P using the approximate Eq&24) and (21).
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The main argument for the existence of shallow traps in ~ This work was supported in part by the firm “Stek.”
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The production of complexes, which are thermally stable at room temperaturef jitenters

in radiation-colored LiF crystals by the combined action of different fields is investigated.

The half-life of these laser centers produced by, specifically, hard UV radiation and a shock wave
increased by almost two orders of magnitude. 1@98 American Institute of Physics.
[S1063-783®08)01711-0

Colored alkali-halide crystals, specifically, LiF Wit:h; droxyl ions (<10 ppm) and lowy-ray doseg0.5 Mrad are
centers, are widely used to produce tunable color-centesdequaté. These are almost ideal conditions for producing a
laserst? The main drawback of these centers is their lowstable active element based on an alkali-halide crystal, espe-
thermal stability. At room temperature the half-life of thesecially since the combined action of radiation and mechanical
centers does not exceed 12 h. An important role in increasingtress greatly increases the resistance of LiF crystals to pow-
the thermal stability ofF, centers is played by ions of a erful laser radiation.
divalent metal or products of hydroxyl decomposititth, It is known that one of the mechanisms leading to the
which together with the formation of stable electronic trapsproduction ofF, centers is two-step ionization offs, cen-
and additional anionic vacancies stimulate, by virtue of theiter (F,+hv—F% +hv—F,+e). This is ordinarily accom-
proximity to F5 centers, the appearance of various perturbplished by irradiating precolored LiF crystals with UV radia-
ing defects. tion. However, UV radiation alone is unable to obtain

One method of obtaining; centers which are stable thermally stableF; centers.
at room temperature is irradiation of crystals containing a  In the present work it is shown that the generatioifr of
sufficiently  high concentration of hydroxyl ions centers, which are stable at room temperature, in radiation-
(>50 ppm)3~° At high irradiation doses, reaching almost Precolored crystals irradiated in a reactor with doses at which

complete radiolysis of OF ions, a substantial density 6  NeitherF; centers(in the observed amounnor their stabi-
centers stabilized by oxygen ions can be obtained. lized complexes are formed, is possible under the combined

However, it is necessary to take account of the fact thafiction of UV radiation and a pulsed electric field or a shock
high irradiation dosegespecially reactor irradiationjust as ~ Wave. o L
high impurity concentrations, can lead to undesirable effects 1h€ investigation of such a complex effect is of interest
which degrade the lasing characteristics of active centers. {0t Only from the standpoint of searching for new possibili-

is known, for example, that the energy characteristics of |alies for increasing effectively the thermal stabilityfo} cen-

sers with stabilized centers are at present worse than those ¢S, but also from the standpoint of determining the charac-

unstable centers: One reason for this fact could be due to t%riific fea:ct.urest.of prc;);e ssest leading to thg form(;alti(t).n of
strong distortion of the lattice as a result of a high impuritys able configurations ar, centers accompanying radiation

L . . .~ coloring of stressed crystals even with “reverse” processes
content or an effect of the radiation. For this reason, in striv- 9 y P

ing to obtain high densities of stabfe, centers the lattice _I blfeachlr!g and decay of complicated complexes into sim-
should be perturbed as little as possible so as to avoid harni-c" ormations.
ful ancillary effects.

In Refs. 6 ad 7 a new method was proposed for gener-
atingF, centers stable at room temperature, in LiF crystals, The crystals investigated were divided into two basic
that does not require preliminary doping of the crystals withgroups, which were subjected to, respectivelytte com-
stabilizing impurity ions: lithium fluoride single crystals bined action of UV radiation and a pulsed electric field and
were preloaded in the region of the yield stress arittadi-  2) the action of a hard UV-radiation pulse accompanied by a
ated in the loaded state. Despite the fact that even in thishock wave.
case, just as in Ref. 3 and 4, the increase in the thermal A single-crystal block of lithium fluoride was annealed
stability of a center is due to the association offgncenter  isothermally at a temperature not less than 700 1Gfb and
with a doubly-charged oxygen ion, this method has the adthen cooled slowly to room temperature. Samples with di-
vantage that comparatively low concentrations of the hy-mensions of 18 10X 0.5 mm were pricked out of this block

1. EXPERIMENT

1063-7834/98/40(11)/6/$15.00 1850 © 1998 American Institute of Physics
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along the{100 cleavage surfaces, once again annealed unde
the same conditions and then irradiated in a free state ir #
the channel of an IRT-M reactor at the Institute of Physics
of the Georgian Academy of Sciences. The differential
flux of thermal neutrons incident on the crystal was ¥
(2.5+0.3)x10 n/cn?-s and the integrated dose was &
2.4x 10" n/cn?. The absorption spectra were measured af- 2
ter the induced radiation decayed. Together witk dand
(250 nm, an intense-, band(450 nm was also observed.
The variance in the values of the densitied-aéindF, cen-
ters for samples cleared from the same single-crystal ingo
and subjected to identical radiation actions was of the order g
of 3 and 5%, respectively.

The total amount of uncontrollable impurity ions of di-
valent metal(Au, Sb, Fe, Zn, Co, Ni, Scin the crystal did FIG. 1. Optical absorption spectra of colored LiF crystals befdjeand
not exceed several pptmethod of activation analygisHere after (2) Fhe action of a pulsed electric field and after subsequent two-week
nickel ions predominate. According to our estimates, the?0ra9e in the dark at room temperat(@
concentration of divalent magnesium ions, which are most

iﬁsny mcorriorta_tted |?to_ thle Lr:F dlatt|c|e , Was aki_out tlg ?pm‘the optical absorption spectra of a colored crystal before and
€ concentration of single nydroxyl lons, estimated oMyqer the action of a pulsed electric field. The application of

the infrared absorption spectra (3720 chband, was of the UV radiation and a pulsed electric field on the crystal was

order of 100 ppm. Besides the indicated band, bands wer : : . .
also observed at 3635, 3650, and 3670 ém(metal- gccompllshed in two stages. The optical absorption spectra

. L . o were measured after each stage. Fiebands(in the case of
hydroxyl complexes After irradiation the intensities of all ge. Fi »

. iF crystals these bands were nearly Gauss)awere ex-
these bands decreased. At the same time, a band appearec&' o
1970 e, due to interstitial hydrogen iors. rgEted from the complex spectra, and the densities oFghe

L ) . ingglith ~15%
Visible-range and infrard absorption was measured aﬁirrllgetrr?epz;?ed;sci? txv:srs gﬁfégggd;; an error ~15%)

room temperat_ure using SF-26 and Specord 75 IR spectrom- The values obtained are essentially of the same scale.
ete;rst, lr:;pect;vselyéeﬁ f(g)rRUSVH.'rzrig.a?.'g:'?rrﬁessrgreet?;rlcfl:gThe accumulation of the indicated color centers already satu-
qﬂené of ?h\(,aveletétric field ullses :/veis 1'00 Hz ?helzjuratio rates at the first stage. Subsequent small changes in the den-
gnd m)::\ nitude of the ulsez were 200 ns and’20 Ky rJsity in one or another direction can be explained by random
9 P ' dsuperposition of partial decoloration and restoration of the

Thg cplored LiF crystals were treated with h"’?rd pl,!lse experimental centers under repeated actions. In the case
UV radiation and a shock wave in an apparatus in which a

) . X L when an electric field is applied, a small but pronounced
creeping discharge on the surface of a dieleaimodifica- X )
tion of the “plasma plateauj’'was used as the source of UV peak appears at 380 nm, which corresponds (R,) cen

L . . ters. Thi k is al rv ntl to mergin
radiation’® The experimental range of discharge voltagese > s peak is also observed subsequently up to merging

with the F, band, giving rise to broadening of the latter in
was 10-30 kV(15 KV — threshold for the appearance of a short-wavelength direction of the spectrum. For UV-
shock wave in this apparatus

irradiated crystals, this peak appears after the (fmirth)
stage of external treatment.

2. RESULTS In both cases the thermal stability of thg band was
found to be equally low: The optical absorption spectra of

the experimental crystals after storage for two weeks in the

diation and a pulsed electric field are applied separately tQ, 1 at room temperatufeurve3) are close to the spectra of
the radiation-colored LiF crystals, aR, band of almost the initial colored crystalécurve 1).

identical intensity arises in both cases with maximum ab-  1he combined effect of UV radiation and a pulsed elec-
sorption near 645 nm. A gradual decrease offbéband(@ ¢ field (for a period of 2 hon radiation-colored LiF crystal

result of ionization is observed as a r<7asult7c3)f the UV irra- producesF, centers with an appreciably longer lifetime
diation. TheF, center density (5.8 10" cm %) decreased

by 20% over the total irradiation time. When a pulsed elec-

tric field was applied, however, no changes were observed imABLE I. Density of F; centers in colored LiF crystals at different stages
the density ofF, centers. This attests to the fact that in this of the corresponding actions.

case the formation df, centers is due to a mechanism that
does not include ionization df, centers(see Sec. B3 De-
spite this difference, the absorption spectra neaFthéand
are almost completely identical to one another. For this real

son, as an illustration we present only the optical absorptiori g'g gg ii
spectra(500—1000 nmfor the case of a pulsed electric field 4 5.0 4.8 35
(Fig. 1). In this figure the curves 1 and 2 are, respectively

A, nm

1) UV radiation and pulsed electric fieldVhen UV ra-

Stage Stage After UV irradiation, After action of an
No. duration, h 1 cm3 electric field, 185 cm™3

15 4.0 3.7
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FIG. 2. Optical absorption spectra of colored LiF crystals befdjeand
after(2) the combined action of UV radiation and a pulsed electric field and
after subsequent two-wedl8) and two-month(4) storage in the dark at (1 e 1
room temperature. 500 700 900

) ) FIG. 3. Optical absorption spectra of colored LiF crystals befdyeand
(Fig. 2). For almost the same storage period as above, thafter the combined action of a pulsed electric field and UV radiation through

density of F; centers in this crystal decreased negligibly:  filter (2) and without a filter(3).

from 3.7x 10 (curve 2) to 3.0x 10'6 cm2 (curve 3). The

maximum at 645 nm was observed to vanish two months

after this action on the experimental crystal, though a sizabldhe density ofF, centers was 3:210'° cm™°. Besides a
continuous absorption remains for a quite long titoerve ~ F, band, a band with a maximum at 770 nm, belonging to
4). In this experiment, together with the formation Bf R, centers, also appeared in this part of the absorption spec-
centers, a negligible decrease in the densityFefcenters trum. Thus, stabilized states Bf, centers were already pro-
was observed, after which this density no longer changeduced in the experimental crystal prior to the combined ex-
during the storage period investigated. Formatiofr fR,) ternal action(UV radiation plus a pulsed electric figldAfter
centers occurred during storage of the crystal in the dark. the indicated combined actiofl h, UFF-1 filte?)) the den-

As noted in Sec. 1, hydroxyl ions are the predominantsity of the centers investigated increased to418'¢ cm™3
impurity ions in the experimental crystals. The decomposi{curve?2). In the process, the density Bf centers decreased
tion products of hydroxyl, as is well known, are stabilizing from 8.9x 10'” to 6.8x 10*” cm 2. Increasing the time of the
factors forF, centers. For this reason, to clarify their role in external action by another 1.5 h, but this time without using
the effect observed above, similar experiments were penm filter, thereby increasing the intensity of the UV radiation,
formed on control LiF crystals, where the number of impu-we observed a substantial growth of th¢ band: The den-
rity hydroxyl ions was much smaller than in the samplessity of F; centers reached 7110 cm™3 (curve 3), while
investigated heréof the order of 10 ppm In other respects the intensity of theF, band dropped strongly. An appre-
(content of divalent metal ions, dose of preliminary reactorciable broadening of th&, band into the long-wavelength
irradiation, and so onthe control samples did not differ side of the spectrum also occurred — this is a result of the
much from the experimental samples. The combined effectormation ofF3+ centers. However, the observed increment
of UV radiation and a pulsed electric field on the controlto the number ofF, centers vanishes during the first two
crystals did not make th&, centers thermally stable at days after the final actiofthe corresponding optical absorp-
room temperature. The corresponding absorption bands vatien spectrum is identical to curvB. It can be inferred that
ish in less than one day after they are formed. In all casethe number of stabilized states Bf, centers remains un-
(combined action of UV radiation and a pulsed electric field,changed.
applied in different crystallographic directiorj410] and Completing the discussion of the first group of experi-
[100]; only UV radiation; electron fluxthe maxima of the ments, we can draw the following preliminary conclusions:
optical absorption bands of unstali¥§ centers in the con- 1) A pulsed electric field is capable of producing, cen-
trol LiF crystals are located near 620 nm. ters in a radiation-colored lithium fluoride crystal) the

Figure 3 shows the optical absorption spectra of a cryseombined action of UV radiation and a pulsed electric field
tal, which in contrast to the cases described above was subn radiation-colored LiF crystals increases substantially the
jected to radiation coloring in a stressed state. The appliedbom-temperature thermal stability of the, centers pro-
stress was of the order of the yield stress3x10° Pa).  duced, and the decomposition products of hydroxyls should
According to Refs. 6 and 7, the uniaxial compression whichplay a large role in this; 3the number of stabilizing states of
we applied to the crystal during the irradiation process in-F2+ centers formed in a LiF single crystal by the combined
creases the relatiave number of aggregate centers and givastion of (0, y) radiation and an applied mechanical stress is
rise to the formation oF; centers which are stable at room not change much by the subsequent combined action of UV
temperature. As expectedFg band which is stable at room radiation and an alternating electric field on the crystal.
temperature was also formed in the present caseve 1): 2) Hard UV radiation and shock wavéhe largest ac-
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FIG. 4. Optical absorption spectra of colored LiF crystals befdjeand 0 L
after the action of pulsed UV radiation and a shock wave directly on the 500 700 900
sample(2) and through a quartz platg). A, nm

FIG. 5. Optical absorption spectra of colored LiF crystals after dfg-
two- (2), and four-time(3) action of pulsed UV radiation and a shock wave.
cumulation of room-temperature statﬂé centers in(radia-

tion) precolored LiF crystals occurs after the crystals are ex-
posed to pulsed UV radiation accompanied by a shock wavegolored LiF crystals leads to substantial accumulation of sta-
The corresponding optical absorption spectrum of the experiilized F; centers; 2there exists an optimal regime for this
mental crystals is presented in Fig. 4. The curve 1 refers to gombined actioridischarge voltage, number of times the ac-
sample irradiated in the reactor channel: There aré=po tion is repeatedfor which the largest accumulation &F,
centers. The curve 2 corresponds to the same sample aftegnters which are stable at room temperature obtains.
exposure to UV radiation and a shock wave. The discharge
voltage was 15 kV. A band with a maximum at 645 nm can3. pISCUSSION
be seen in this curve — this band is a result of the formation
of F, centers. The maxima at 678 and 786 nm correspond tP
F; (R; ,R;) centers. The latter centers accompé&y cen- en
ters in almost all caseésee Figs. 1-3 but the indicated
maxima are sharpest in the present experiment.

Exposure to only pulsed UV radiatiqthrough a quartz
plate, which protects the sample from the shock wave

sharply decreases the efficiency of generating stableen-
ny yorg 9 SED According to Ref. 13, oxygen ions formed as a result of

ters(curve 3). e . ; . i .
The largest increment to the absorption coefficient, j.gadiolysis of single OH ions participate most effectively in

the largest number dF2+ centers (1.3 101 cm~3) which the rE>rocess Ileadlng+t.o ggablllzatlon bl‘ef cer?ters(fgrratmnh
are stable at room temperature is observed with a dischargf?aI the complexes=; :0°7). It can be estimated from the

voltage of 15 kV. As the discharge voltage increases to 3@tensity of ~the corresponding band that at the
kv, the formation efficiency of these centers decrease&n'7’)"”"’“1"""[Ion dosages used in our experiments only 10%

(when the voltage drops below 15 kV, a discharge is non the total number of OH ions were subjected to radioly-
formed. The accumulation efficiency of statfie’ centers in sis. Our estimates show that the total concentration of hydro-

radiation-colored LiF crystals also decreases under the re-
peated combined action of hard UV radiation and a shock st
wave on the experimental crystals with a constant discharge
voltage. The optical absorption spectra attest to this — the
curves 1-3 in Fig. 5, which correspond to crystals subjected,
to one-, two-, and four-time action of UV radiation and a
shock wave(discharge voltage — 20 kV

The thermal stability of thé, centers obtained by the
described method was found to be quite high. Despite the
fact that half of the centers decay during the first 1.5 weeks,
the density of the remaining centers changes slowly during 2
the course of a year and longétig. 6). 0

Summarizing the results of the second group of experi- Months

mepts, the following can be concluded) The Combineq FIG. 6. Density ofF; centers versus storage time of a crystal in the dark at
action of hard UV radiation and a shock wave on radiation+oom temperature.

Optical characteristics of a center, such as the wave-
gths of the absorption and luminescence maxima, the
width of the luminescence band, and the Stokes shift, indi-
cate that we are dealing with the complg% :0?". Evi-
dently, this model is indeed the most appropriate one for
representing a stabilizeB, center as compared with the
variants with OH', O, , or O~ ions!?

§

4l

n, 10 ¢cm”

2
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gen products of radiolysis (H, Hio, HS Hg) did not ex- Since they are a superposition of fields produced by disloca-

ceed 15 ppm. Therefore the concentration of oxygen ion§ons randomly distributed in both space and over orienta-
which are potential stabilizers d;; centers is approxi- tions of the axes and Burgers vectors, these stresses are al-

mately the same, but no higher. most isotropic and, not having the required directionality,

The concentration of stabilizeB; centers, formed in they cannot give rise to the formation of stable complexes.
irradiated crystals after the complex actions described abov&n the other hand, because of their high level they can
completely corresponds to this value. However, it must baveaken the effectiveness of an external field and decrease
underscored that the presence of the indicated amount &he accumulation of; centers. Indeed, the curve of the
oxygen ions andF; centers in the crystal in itself is still absorption coefficient at the maximum of thg band versus
insufficient for the formation of the experimentally observedthe applied loadsee Fig. 4 in Ref. Bpasses through a maxi-
quantity of stableF, :0?~ complexes, while the combined Mum when the applied stress equals the yield stress of the
action of UV radiation and a pulsed electric field or a hardsample. Subsequently, as the applied stress increases, the ac-
UV pulse and a shock wave leads to the productlon of thercumulation of StabI|IZECF2 centers becomes much less ef-
mally stabIeF2 centers Fz :0?7), “using” almost com- ficient. As noted above, a decrease of the number of stable
pletely the store of doubly-charged oxygen ions. The absende, centers was also observed with increasing discharge volt-
of stableF, centers in the control samples can be easilyage, i.e. with increasing intensity of the combined action of
explained on the basis of these ideas by a deficiencyhard UV radiation and a shock wave. Apparently, an appre-
(<1 ppm) of oxygen ions. ciable increase in the internal stress level also occurs in this

In Ref. 7, to explain the effect produced by the combmedcase This explains the dependence of the accumulation of
action ofy irradiation and mechanical stress on a LiF crystal,F> centers on the multiple action of the UV radiation and
it was suggested that the factor giving rise to the formatiorshock wave(Fig. 5).
of stableF centers is an anisotropic mechanical-stress field ~ The curve of the decay ¢f, centerg(Fig. 6) shows that
with a sharply distinguished direction, produced in the cryswe are dealing withF, centers of two types:)lunstableF,
tal by a uniaxial load. If it is assumed that the formation ofcenters which decay mainly during 1.5-2 weeks after the
the comple>F2 Je4am requires overcoming an energy barrier, UV radiation with a shock wave have acted on the crystal
then it has not been ruled out that in an asymmetric stresand 2 stabilized configurations witlF, centers which re-
field in some directions the barrier to formation of a com-main in the crystal for more than one year.
plex, which in itself is a formation with an anisotropic intrin-  According to Ref. 14, when an electric field is applied to
sic elastic field, decreases to such an extent that dynami crystal, vacancies of both types and their clusters are
overcoming of the barrier in the radiation-perturbed latticeformed. An anionic vacancy, appearing under the acton of an
becomes much easier. This will increase the efficiency of th€lectric field and combining with an existirf§ center, can
reaction whereby &, center combines with an oxygen ion form an F, center. However, an electric field alone is not
and can lead to the formation of an appreciable quantity osufficient for thermal stabilization of the center. Apparently,
|:2 :0?~ centers even if the concentration of oxygen ionsan anisotropic mechanical-stress field, produced by an elec-
themselves is so low that it is impossible to determine thdric field in the lattice, with a fixed density d¥; centers is
formation of these centers as a result of only ionizing irra-insufficient to form an appreuable number of complexes
diation without an external stimulating force. with stabilizing defecté As the F2 center density is in-

We believe that the pulsed electric field and a shockcrease(by switching on UV radiatiop the rate of self-
wave which act on colored LiF crystals during UV irradia- trapping of a center and a perturbing defect should increase
tion play the same role as an external load applied to th@nd thereby the density of thermally stable configurations of
irradiated crystal, producing in the crystal the required ancomplexes should increase. Indeed, UV irradiation in com-
isotropy. This supposition is supported by a correlation bebination with a pulsed electric field, as seen above, appre-
tween other results of these combined actions. ciable increase the density of complexes—gf centers with

The effect of asymmetric stresses produced by a uniaxied perturbing defect which are stable at room temperature.
load can be considerable only if they exceed the internal As perturbing defects, doubly charged oxygen ions
stresses, which may exist in a crystal because of the presente, :0%") as well as cationic vacancieE{ :V, in the case
of structural defects, especially dislocations. The internapf a crystal with divalent metal ionstogether with increas-
stress level near dislocations is substantially higher than thang the thermal stability of; centers, give rise to a dis-
of the stresses that could be produced by external loads, afdacement of the corresponding absorption and luminescence
in certain regions these stresses themselves could stimuldg@nds. Table Il shows that the displacements of the maxima
stabilization of F, centers, as should happen in reality. of the absorption bands, according to data obtained by dif-
However, in annealed crystals, because of the low dislocalerent groups of investigators, differ not only in magnitude
tion densities ¢ 10'° m~?), the relative fraction of the vol- but also in direction, even for the same system of alkali-
ume with such stresses is too small, and the average level bflide crystals. For example, according to Ref. 15, for NaF
internal stresses in a crystal as a whole is very low. they are strongly shifted into the long-wavelength side of the

If a crystal is loaded above the vyield stress, plastic despectrum relative to the absorption band of unpertufbgd
formation starts and the dislocation density increases rapidlycenters, while in Ref. 16 the maximum of the absorption
This increases the level of the internal stresses. Howevehand of F, :O?~ centers is shifted in the direction of short
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TABLE Il. Absorption bands ofF; and similar centers in alkali-halide Sta_te(?'7 while |:2+ centers produced by UV irradiation in an

crystals & max, NM).- electric field vanish comparatively quicklgmainly within

Centers two m(_)nths. .
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The temperature dependence of isobaric heat capacity4drid interplanar spacing in lanthanum
and samarium hexaborides have been determined experimentally within the 5-300 K
region. The variation of the lattice parameters and thermal expansion coeffiei€hjswith
temperature has been calculated. 1@98 American Institute of Physics.
[S1063-783%8)01811-5

This work reports an experimental study of the temperatemperature dependence of the heat capacity of lanthanum
ture dependence of the heat capacity and lattice periods dfexaboride obtained by us earlfer.
lanthanum and samarium hexaborides within the region from  The molar heat capacity of SgB C, (T), was extrapo-
helium to room temperaturdg.2—300 K. lated to absolute zero using the relatidhy,=C,=3.6

The temperature dependences of the heat capacity ang10 ?T+2.61x10 *T?, which corresponds to a charac-
electrical resistivity of lanthanum hexaboride were investi-leriStic temperature at absolute ze#g=374 K. Ultrasonic
gated earliefsee, e.g., Refs. 1,2 measurements yielded for samarium hexabo#igle 373 K.

Data on the temperature dependence of the physiczﬂ‘ contrast to theC, (T) curves obtained for the hexaborides

properties of SmBcan be found in Refs. 3-5 and referencesOf praseodymiud,nquymiunﬁ and most other rare egrths,
therein. SmB; does not exhibit a clearly pronounced magnetic tran-

. . sition within the 5—-20 K interval.
At the same time no systematic low-temperature x-ray The x-ray measurements were carried out in a low-

g:féagﬁlog hrg\?:iﬁ;esn:‘z?feg; |2]t:(rjztom|c distances in d.aB temperature chamber by the technique described elsewhere.

It ovemperaure domai, SwBXNits a specifc L sames Were reliminarly teted for beng sngle phase
change in the valence state of samarium ions, the charactgtm the center of gra.vity of thé411) reflection. The mea-
of interatomic interaction, in particular, a transition from gyrement error did not exceed<@0 ® A throughout the
semiconducting to metallic conduction, which account fortemperature range covered, 4.2-320 K. The experimental
anomalies in the temperature behavior of some of its physiscatter relative to the smoothened curdig,(T) for LaBg
cal characteristics. This stresses the need for investigating itthd SmRB was less than the calculated error. Each value of
properties. d411(T) was determined in A to the sixth digit after the

Single-crystal and powder samples were prepared fodecimal point.
low-temperature calorimetric and x-ray diffraction measure-  Figure 2 displays the experimental valuesdgf, (T) for
ments. LaBg and SmRB obtained in the 4.2—-320 K range.

The calorimeter copper ampoule used to measure the
heat capacityC, (T) was filled with pieces of Smsingle
crystals. The sample for x-ray diffraction measurements was 70 .o
prepared from a single crystal ground to powder.

The temperature dependence of the heat capacity of
SmB; was measured in a Nernst-Strelkov—type low- -
temperature calorimetéThe measurements were performed >
adiabatically with a periodic heat injection by a technique '
described previously. Within the 5-20 K interval, the mea- E
surements were made in 0.5—-1 K steps, and from 20 to 30(C h&
K, in steps of 2—5 K. The measurement error in the 5-20 K <
interval was about 1%, and at higher temperatures, 20—30(

K, it did not exceed 0.3%.

Figure 1 plots the temperature dependence of the hea
capacity of SmB and identifies the experimental points. The
scatter of experimental points with respect to the smoothenea
curve is smaller than the calculated error. Also shown is the&IG. 1. Heat capacity of SmB(points and LaB; (solid line).

100 200 Jo0
T,K

1063-7834/98/40(11)/3/$15.00 1856 © 1998 American Institute of Physics



Phys. Solid State 40 (11), November 1998

4,,,4

411
097960

0.97520

0.97680

097840
09%20 -

0.97%00 -

097360 -

L 1

mw 200 a0

TX
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Table | lists the lattice constaatof LaBg and SmRB and
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FIG. 3. Linear thermal-expansion coefficiefit—LaBg, 2—SmB;.

Figure 3 displays the temperature behavior of the linear
thermal-expansion coefficienta (T) of the above
hexaborides determined from th&ll1l) reflection. We
readily see that the interplanar spacidg; and the linear
thermal-expansion coefficient of LgBncrease throughout
the temperature range of 4.2—320 K, with>0 everywhere.
Above 250 K,a (T) grows more slowly with temperature.

In contrast to lanthanum hexaboride, the interatomic
spacingd,; and, accordingly, the lattice constanbf SmB;
decrease starting from 8 K, the lattice contracts, and the unit

volume thermal expansion coefficients calculated for thQ;e” volume decreases up to 150 K, after th:ﬁl starts to

temperature range studied.
LaBg and SmB have similar crystal structures with a

CsCl-type cubic unit cell, and the tensor surface of their

increase. It is only close to 300 K thdj,; becomes equal to
its value forT—0.
The linear thermal-expansion coefficient of SgnBe-

linear thermal-expansion coefficient has spherical shape witBomes negative starting filo 4 K to reach a minimum at

a radius independent of direction.

TABLE |. Lattice parameters and volume thermal-expansion coefficients
B of lanthanum and samarium hexaborides.

LaBg SmB;

T, K a A B-10°, K1 a A B-1¢°, K1
4.2 4.15112 0.15 4.13281 —-0.24
10 415112 0.27 4.13280 -1.50
20 4.15114 0.72 4.13276 -3.15
30 4.15116 1.44 4.13267 —-7.98
40 4.15118 2.16 4.13254 -11.13
50 4.15121 3.21 4.13237 —-13.44
60 4.15127 4.26 4.13216 -13.80
70 4.15134 5.43 4.13199 -11.88
80 4.15143 6.75 4.13187 -9.60
90 4.15153 7.92 4.13174 —-7.38

100 4.15168 9.09 4.13165 -5.91

120 4.15193 10.89 4.13155 —3.30

140 4.15228 12.66 4.13148 -0.93

160 4.15265 13.77 4.13149 0.99

180 4.15305 14.43 4.13153 2.76

200 4.15345 14.70 4.13163 4.53

220 4.15384 14.85 4.13178 5.91

240 4.15427 15.00 4.13195 6.78

260 4.15471 15.12 4.13216 8.37

280 4.15510 15.30 4.13240 10.08

300 4.15553 15.54 4.13284 13.44

320 4.15597 15.72 4.13305

55 K. At 145 K, « (T) becomes zero, reverses sign, and
approaches the value for LgB&t about 300 K.

The considerable difference between the temperature de-
pendences of the linear thermal-expansion coeffician;g6

and @sme, is due primarily to the differences in interatomic

chemical bonding in these hexaborides. As seen from a com-
parison of the temperature dependences of the electrical con-
ductivity of LaBg and SmRB, lanthanum hexaboride exhibits
metallic conduction, whereas samarium hexaboride is a do-
nor semiconductor at low temperatufes.

The decrease of unit cell volume with increasing tem-
perature and the negative thermal-expansion coefficient at
low temperatures shown by SrgBs a typical feature of
compounds with covalent bonding, including semiconduc-
tors of the type of diamond, Si, Ge, llI-V, 1I-VI, and other
compounds?
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Drift mobility of photogenerated current carriers in Bi 12Ge0,q crystals
S. N. Plyaka and G. Kh. Sokolyanskit

Dnepropetrovsk State University, 320625 Dnepropetrovsk, Ukraine
(Submitted May 14, 1998
Fiz. Tverd. Tela(St. Petersbung40, 2054—2055November 1998

The drift mobility of photogenerated electrons and holes in®&0,q crystals with different
degrees of doping is investigated experimentally. 1@98 American Institute of Physics.
[S1063-78318)01911-X

There are a number of time-of-flight studies of the mo-recorded 600 s after the light was switched on, when a steady
bility of photogenerated charge carriers in germanium angbhotocurrent was established. In this time a nonuniform field
silicon sillenites'™ In Refs. 5-7 charge transport is investi- distribution is formed in the interior of the sampté Thus,
gated by direct measurement of the distribution of the elecin both cases the measurements were performed in a state of
tric field intensity using the transverse electrooptic effect. Athe crystal with filled traps.
very wide spectrum of values is observed: from Analysis of the IVCs showW< that in the case of mo-
10~% cm?/(V —s) in samples with empty trapsip to values nopolar and with double injectiofDI) a quadratic section of
=10 cnf/(V—s), obtained in Ref. 3 using a technique with the voltage dependence of the current, described by the equa-
high temporal resolution under conditions of band-band gention
eration. Most investigations studied electron transport. In the
present work we report some results of measuring the mobil- . 9 u?
ity of photogenerated electrons and holes in,BeO, Crys- 1= §8'“ef¥' (1)
tals, both nominally pure and doped with vanadium ions.

The investigations were performed on Czochralski-whered is the sample thickness and is the effective car-
grown crystals. Doping was performed by introducing intorier mobility, can be observed. In the case of DI, for close
the charge YOs in quantities of 0.2, 0.5, and 1 mole%. The values of the electron and hole mobilitigs, characterizes
mobility was measured both by the method of steady spaceambipolar drift. A quadratic voltage dependence of the cur-
charge-limited current$SCLC9 and by the time-of-flight rent is observed in the experimental IVCs, obtained with
(TOF) method. Samples in the form of plane-parallel platesuniform illumination, after the section of quite rapid growth.
with thicknessd<1 mm were used. In the SCLC measure- The relation(1) gives mobilitiesu=10"2 cn?/(V—s) (see
ments the polished end of a sample was illuminated with Table .
=400 nm light with intensity~10 uW/cm. In the TOF in- Both Gaussian and dispersion transport signals were ob-
vestigations single light pulses from an ISSH-400 lamp usedtained in the TOF investigatiort8.The latter was observed
The pulses passed through a glass light filter with a transmisn pure Bi,GeOy at temperature above 60 °C. In crystals
sion maximum athv~3.4 eV, which is close to the band with vanadium at temperatures below 80 °C transport is
gap in Bi,GeQ,. To obtain a reproducible signal in the Gaussian. The pulses obtainese Fig. 1 contain two sec-
TOF measurements the sample was first held in the dark wittions with a decaying photocurrent. We took as the time of
shorted electrodes for 5 min, and a measuring field was aglight T,, the time at which the flatter section terminated. The
plied for not more than 1 min. In this case, the phototransporplot Trjlzf(U) is a straight line, attesting to the field-
signal stopped changing appreciably after the sample wasdependence of the mobility. On the second section the sig-
illuminated with several flashes. In measuring the currentnal | (t) drops off exponentially. This makes it possible to
voltage characteristicdVCs), each experimental point was determine the lifetime of photogenerated charge carriers. In

TABLE I. Values of the phototransport parameters in,8BeO,.

7,,10% E

Sample w, 1073 s un s Hp 7, 100%  E,p,
cn?/(V—s)  cm?/(V—s) s eV cnf/(V—s) s eV

BGO 1 3.6x10°2 6.5 0.32 1.X1072 45 0.52

BGO + 0.2 6.8 1.3%x10°* 1.8 0.2 1.95%10°* 1.94 0.2

mole% \,O5

BGO+0.5 15 6.9% 10 2 1.55 0.31 1.1x10°! 1.8 0.29

mole% V,Os

BGO+1 1.2 4x1072 1 0.36 9x 1072 1.3 0.32

mole% V,Os
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increases, the mobilities and lifetimes of both electrons and
holes decrease. As temperature increases, the mobility of
photogenerated charge carriers increases exponentially with
activation energye ,, andE ;.

The fact that the mobilitieg. obtained by analyzing the
IVCs for all crystals are less than the values.qf and u,,
determined by the TOF method could be an indication
that under uniform illumination both electrons and holes
move simultaneously in the sample. Thanis the ambi-
polar drift mobility!* Mobilities of the order of
10 1—10"2 cn?/(V—s) are characteristic for hopping con-
duction in the tails of the density of stat&sThis agrees with
the fact that sillenite crystals have a well-developed optical-
absorption shouldér

1,17

1S. L. Hou, R. B. Lauer, and R. E. Aldrich, J. Appl. Phy#, 6, 2652

(1973.
1 2 3 2V. Kh. Kostyuk, A. Yu. Kudzin, and G. Kh. SokolyanskiFiz. Tverd.
¢ -4 Tela (Leningrad 22, 2454 (1980 [Sov. Phys. Solid Stat®2, 1429
10 e (1980]. ,
. . . 31. T. Ovchinnikov and E V. Yanshin, Fiz. Tverd. TeldLeningrad 25,
FIG. 1. Time dependence _of the photocurrent in a crystgh@iOy 2196(1983 [Sov. Phys. Solid Stat25, 1265(1983].
+1 mole% \éOs at voltages(in V): 1 — 300, 2 — 500, 3 — 600 (tem- 4A. Ennouri, M. Tapiero, J. P. Vols, J. P. Zielinger, J. Y. Moisan, and J. C.
perature 60 °C Launay, J. Appl. Physz4, 2180(1993.

5V. N. Astratov, A. V. Ilinskii, V. A. Kiselev, and M. B. Mel'nikov, Fiz.
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the case of dispersion transport, the tiffjewas determined 6(1984)].
: : _ e _ V. N. Astratov, A. V. Il'inskii, and M. B. Mel'nikov, Fiz. Tverd. Tela
fr(_)m the kink in the plot Iog logt. The mobilities deter_ (Leningrad 25, 3042(1983 [Sov. Phys. Solid Stats, 1756(1983)].
r_nme_‘d from both _types of S|gnals fall on the same stralghtv\,_ V. Bryksin, L. I. Korovin, and V. |. Marakhonov, Zh. Tekh. Fi53,
line in the Arrhenius plot ofu(T). 1133(1983 [Sov. Phys. Tech. Phy8, 686 (1983].
Transport signals for both photogenerated electrons andM. Lampert ar_1d P. MarkCurrent Injection into SolidsAcademic Press,
holes were obtained in all experimental samples. The elecy '\ Y 1970; Mir, Moscow, 1973, 416 pp.
e e K. Kao and W. HwangElectrical Transport in SolidsPergamon Press,
tron (w, ’T”.) and hole {,,7,) mobilities and lifetimes are Ny 1979: Mir, Moscow, 1984, 219 op.
presented in Table I. In undoped;B6e0y, the productur  °v. I. Arkhipov, A. I. Rudenko, A. M. Andriesh, M. S. lovu, and S. D.
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close in order of magnltUde for _bOth types _Of carriers. ThellR. Smith SemiconductoysCambridge University Press, N.Y., 1959; Mir,
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Scattering of spin waves by a rectilinear edge dislocation
A. N. Kuchko and M. V. Chernysheva

Donetsk State University, 340000 Donetsk, Ukraine
(Submitted March 2, 1998
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The propagation of volume spin waves in an unbounded easy-axis magnet containing a
rectilinear edge dislocation is studied theoretically. The spin-wave scattering amplitudes are
calculated in the Born approximation. It is shown that the spin-wave scattering amplitude vanishes
for certain values of the scattering angle. The dependence of the scattering angle on the

angle of incidence of the spin waves is found for this case. The transport scattering cross section
of spin waves is found. €1998 American Institute of PhysidS1063-783#8)02011-5

Recently, there have appeared a number of pafsees, Here«a, 8, andy are exchange interaction, uniaxial anisot-
for example, Refs. 1-3on travelling exchange spin waves ropy, and magnetostriction constants, respectively;
(SWSs. In these papers, specifically, the methods of SW gene;;(x,y,z) are the components of the tensor of dislocation
eration and detection and SW propagation processes in nodeformations, whose form depends on the orientation and
uniform materials are examined, mechanisms are proposegpe of dislocationh=H/My; and, m(r,t)=M(r,t)/Mq is
for converting electromagnetic oscillations and magnetothe dimensionless magnetization distribution.
static waves into travelling SWs, and so on. This increased We shall assume the material in its ground state is mag-
interest in this subject is due to the possibility of using SWsnetized uniformly along the axis. We shall describe the
in spin-wave microelectronics devices, obtaining with theirsmall deviations of the magnetization from the ground state
help information on the local properties of magnetic layersby the variablesn. =m,*=im,. We shall consider an edge
and so on. dislocation with axis parallel to the AEM and Burgers vector

Extended lattice defects—dislocatidhswhich produce directed along thes axis. In this case, only thex, yy, and
in a material deformations which decay slowly with increas-xy components of the tensor of dislocation deformations will
ing distance from a defect, are always present in real magse different from zerd,and the expression for the energy to
netic crystals(propagation medium for SWsThe presence within terms quadratic im.. will assume the form
of an interaction between the elastic and magnetic sub-
systems(magnetostriction results in the appearance of a
nonuniform magnetization distribution in the field of dislo-
cation deformatiorfs’ and strongly influences the magnetiza-
tion dynamlcs?. 1% Moreover, the presence of suqh an inter- + Z{ny[m+—m_]2—axx
action also influences the dynamic properties of the 4
dislocation itself. In the present paper, the scattering ampli-
tude of volume SWs scattered by an individual edge dislo-
cation will be calculated. We shall obtain the equation of motion of the magneti-

We shall study the propagation of SWs in an unboundegation using Eq(2). If m.(r,t)~expliot}, wherew is the
easy-axis magnet, in a constant uniform magnetic field angw frequency, then the desired equations describing the
containing a single rectilinear edge dislocation. We shall aspropagation of linear SWs against the background formed by
sume that the axis of easy magnetizati®kEM) and the  the uniformly magnetized material assume the following ma-
constant uniform external magnetic fieldl are parallel to  trix form:
one another, and we orient ta@xis of the coordinate in this

B+h

a
w(m,,m_)= EVm_Vm++ Tm+m_

X[my+m_P+ioy[mi-m2] (2

direction. In such a coordinate system the energy density of (U+&V)X=0. 3
the ferromagnet can be written as follows taking account of
the smallness of the deformatidn: Here
m_ . [-A-K*> 0
a om; om; B 2 X= , U= A+K2]
W(m)=E(9—Xj(9—)(]_—Emz—hmz—yaij(x,y,z)mimj, my 0
R (VO Vi+iV,
ij=x.y.z. (1) =itV -V )

1063-7834/98/40(11)/3/$15.00 1861 © 1998 American Institute of Physics
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where the wave numbéris determined from the dispersion 3r
law for SWs in a homogeneous materidiar from a
dislocation:*! w#/2uoM=ak?+ B+h (# is Planck’s con-
stant, uq is the Bohr magnetone = yb/4mra(1—1v?) (v —
Poisson’s ratiob—modulus of Burgers vectpr while the
components of the operatoV in polar coordinates
(x=pcosp, y= psing), taking account of the explicit form of
the components;; ,° satisfy the relations

G2 (1-v) ek 2
76
(=Y

F

sing . v,
p ' (] 27

|
(9]
~

Vo=2(1—v—2v%)

sing CO§(P COSg COS 2p FIG. 1. Modulus of the scattering amplitude versus the angle for different
Vi=4(l+y) ———, Vo=—. (4) angles of incidence of the spin wave=0.3).
p P

Equation(3) is analogous to the stationary Sctimger

equation. This makes it possible to use the well-developegyy the scattering amplitudes in other cases of the relative
apparatus of quantum mechanics to solve the equationgrrangement of the Burgers vector, the AEM, and the dislo-
Sincee is a small parameter of the problem, we shall employcation axis.
the Born.approximatioﬁ.z, accordipg to which in. the case of Let us analyze the expression obtained. A plot of the
a cylindrically symmetric potential the scattering amplitude mgdulus of the scattering amplitud®) as a function of the
can be written, to within the constant phase factor, as scattering angle is displayed in Fig. 1.

Analysis of the function(8) and Fig. 1 shows that the
i;b\“/i(kadp_ (5 scattering amplitude vanishes for certain scattering angles.

Taking account of Eq(8), such scattering angles must sat-

isfy the equation

t]
F(kavkb): 2 /_2wa

Here X, are the solutions of the unperturbed equati@h

with =0, which are monochromatic plane waves with a . 1
coordinate part tan®+ 0/2)cog 2P +0O)sin® = 5V 9
% ()= exp(ik-p) 5 This transcendental equation as a function of the angle
K(p)= exp—ik-p))’ 6) of incidence and the Poisson ratio can have up to six differ-

nt real roots. A plot of the functio® (®), obtained by
olving Eq.(9) numerically, is shown in Fig. 2.

Let us calculate the total transport SW scattering cross
section of a dislocation. Substituting into the expression for
the transport cross section

k, andk, are the wave vectors of the incident and scatteretf
waves, respectively, ang is a coordinate vector in they
plane. Substituting the expressiof#® and (6) into Eq. (5),
we find

) o (2 2w
F(p,g)= — \V/ .p)—V,.sin(p- — 201 _
(p,q) ﬁfo . [Vocodq-p)—Vysin(p-p) Q+ JO |F|2(1—cos®)dO®

+Vzcodp-p)ldedp, (7
whereq=k,—k, andp=k,+k,. We shall assume that the

scattering of a SW by a dislocation is elastic. In this case ITTF":{-_'_
|ka|=|kp|=k, p=2kcos®/2), andq=2ksin(®/2), where b + +, +H
is the scattering anglghe angle between the wave vectors o W +++ ++ ++ 4
of the incident and scattered wayes ~ty +.,. + . -
Next, integrating Eq(7) with respect top and ¢, we ++ + "‘4_ ++ M ""++
obtain finally for the scattering amplitude of a SW scattered +++ +++ ++
by an edge dislocation the expression ‘ ""++++ +
¢+++++ ++%
F(O,D) e 4siN®+0/2) ey -+
D)= ————-|45i +
V8m(1—v)ak®? *, +++ + ++++
+ + +
X cog2® +0)cog 0/2) " +++ "‘.,.+ +, *3
+ +
L, Cos0T 62 . 4+ v, 4
=2V e | ® e
0 o 4

where ® is the angle of incidence of the S\(the angle
between th.e dlrec_tlon of the '!"C'dent wave an(_j Burger§ VECE|G. 2. Scattering angle versus the angle of incidence of the spin wave at
tor of the dislocatiop Expressions can be obtained similarly which the scattering amplitude is zero.
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the expressiori8) for the scattering amplitude and carrying constant:® the range of applicability of the expressions for

out the integration, we find the scattering amplitudes is limited above with respect to
) ) wave numbers at least by the relatlok,,,,=1/a, which is
b2 1 . . o U .
T=7—— Z 4 (1-2v)2+siP2d | (10) identical to the condition of applicability of the continuum
4(1-v)? a?k3(2 approximation for SWs. The condition of applicability of the

exchange approximation for SWabsence of magnetostatic

As one can see from E@10), SWs are most efficiently : ) o ks 02
scattered by a dislocation for angles of incidenceterms in the expressioft)) is k> Kmin= 4/ a.” Therefore

®=(2n+1)w/4 (n — intege). Numerical estimates for the the expressiori8) for the SW scattering amplitude is appli-

L . : able for wave numbers,,;, <K<K,y
transport cross section in the case of yttrium iron garne . o .
. These investigations were performed as part of a project
show that it can reach values of the order of several nano:

meters near the threshold of SW activity. financed by the Ukrainian Ministry of Education.

Let us discuss the applicability of the expressions ob-
tained above for the scattering amplitudes of spin waves.
On.e can see from Eq8) apd Fig. 1 that the spin?wave 1p. E. Zilberman, A. G. Temiryazev, and M. P. Tikhomirov, Usp. Fiz.
scattering amplitude grows without bound @s-0. This is Nauk 165, 1219(1995.
due to the fact that in the present paper the scattering ampli¢A. G. Gurevich and G. A. MelkovMagnetic Oscillations and Wavé
tude was obtained on the basis of perturbation theory usingRussiah Nauka, Moscow, 1994, 463 pp.
the method of successive approximations in the stationar V. V. Danilov, M. V. zavislyak, and M. G. Balinski Spin-Wave Electro-
) > pp ) ydynamics[in Russian, Lybid’, Kiev, 1991.
case(Born approximation The wave functions correspond- 4J. p. Hirth and J. LotheTheory of DislocationsMcGraw-Hill, N.Y.,
ing to monochromatic plane wavé3) were used to calculate  1967; Atomizdat, Moscow, 1972, 600 pp. »
the matrix elementg5). However, if the scattering potential h‘?: hi:‘i‘;“ I\jggci}vMigLs;f;hgghﬂf;ry of Elasticity Pergamon Press,
IS ang—range, then the wave is distorted at infinity and th?GA. M’. Kosevi’ch and’EI’D. Fel’aman, Fiz. Tverd. Teldeningrad 9, 3415
stationary states will no longer correspond to monochromatic (1967 [Sov. Phys. Solid Stat@, 2696 (1967)].
plane waves. Nonetheless, for Coulomb-type fields, which’V- V. Gann and EP. Fel'dman, Fiz. Nizk. Temp2, 30 (1976 [Sov. J.
decrease at infinity as A/(which happens in the present SbOVéTeB?ﬁygkhh{:f' \1/4219;23/'chenk0 and V. V. Tarasenko, Zksg
case},. such a distortion gives.only a phase shift of thg WaVe Teor. Fiz.54, 1603(1968 [Sov. Phys. JETRS, 858 (1968,
function that depends logarithmically on the coordindte, °V.K. Viasko-Viasov, L. M. Dedukh, and V. I. Nikitenko, Zh K&p. Teor.
which is of no consequence for calculating matrix elements Fiz- 65 3d76k(h1973 [30\(/1- PBVS- JETdBSv 184_&_1972]- - _
appearing in the scattering amplitude for scattering angles Ié.OME;B%(ilgBJ)‘ ['\,/'5‘0 \\f ';h;S” i 1:;/;1'(‘1';“8]';]% 0, Zhk8p. Teor. Fiz.
sufficiently different from zero. Thus, the expressions ob-i1a | akhiezer, V. G. Baryakhtar, and S. V. Peletminskspin Wavesin
tained for the scattering amplitudes are inapplicable for small Russian, Nauka, Moscow, 1967, 368 pp.
scattering angles. 12#.hD. L[apndau and I:I>E M. I':lifsgin'\(lguall(ntunMﬁ Mechni:f:gégN(;réigRelativistic
Since the expressions for dislocation deformations are ' coYL"ergamon Fress, . ., Rauka, Moscow, 989, 758 bp

inapplicable for distancep<a, where a is the lattice Translated by M. E. Alferieff
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The energy characteristics of orthogonal rows of partial misfit dislocations\Withaped

stacking faults in thin-film heteroepitaxial systems are analyzed theoretically. It is shown that they
should appear only in very thin epitaxial films of nanoscopic thickness and for high values

of the mismatch exceeding a definite value. Under these conditions partial misfit dislocations
associated with/-shaped stacking faults are typical elements of the defect structure of

nanolayer heterosystems. For smaller mismatches and larger films thicknesses total misfit
dislocations should form. €998 American Institute of Physids$§1063-783%8)02111-X]

After nearly three decades the problem of the defectivelate the total energy of a heterosystem with MDs and to
ness of thin-film systems obtained by different heteroepitaxyminimize this energy with respect to the density of a dislo-
methods is still a key problem of semiconductor materialscation ensemble. For this reason, this approach is also said to
science. Diverse defect structures, whose appearance is ba an energetic approach.
effective channel for relaxation of intrinsic elastic stresses A review of previous works that are devoted to the
(mismatch stressgsdue to the mismatch of the structure and analysis of the equilibrium density of total MDs on the basis
properties of the joined materials, form at the fabricationof the energy approach is contained in Ref. 1. These works
stage of the heterosystem and often result in the degradatiail have the drawback that the expression for the total energy
of the basic characteristics of micro- and optoelectronicgloes not contain terms describing the energy of interaction of
devices:® The most common method of relaxation of mis- MDs with the elastic field of the initial mismatch, with the
match stresses is formation of total or partial misfit dislocafree surface of the epitaxial film, and with one another. For
tions (MDs) which form two-dimensional dislocation net- an infinite discrete row of edge MDs with Burgers vectors
works near heteroboundaries. The formation of networks olying in the plane of the heteroboundary, these terms were
total MDs is ordinarily preferred, since on the one hand theyfirst taken into account comprehensively in Refs. 14 and 15,
possess larger Burgers vectors and therefore accommodatee main results of which are also presented in Ref. 16. The
more efficiently the lattice mismatch of the contiguous ma-macroscopic energy approach was further elaborated in Refs.
terials while, on the other hand, stacking faults are notl7-27. Misfit dislocations of a mixed type with Burgers vec-
formed in the process in the interior of the materials, i.e. fartor tilted with respect to the plane of the heteroboundary and
from heteroboundaries the materials possess a higher degreghogonal networks of MDs were studied, and the elastic
of structural perfection. However, in heterosystems with aanisotropy of the film and substrate and small differences in
large mismatch there often arise situations where the existintheir elastic moduli were taken into accodhtThe results
sources of total dislocations are inadequate for the degree obtained in Refs. 17—-27 taken together made it possible to
accommodation of the initial mismatch that is energeticallyapply the energy approach to the analysis of dislocation
preferred here. In such cases so-called “secondary” relaxstructures in specific heterosystems taking account of the ge-
ation mechanisms come into plagnd lead to the appearance ometry and the type of MD exactly. Nonetheless, the results
of a network of partial MDs(PMDs). One of the main did not change qualitatively, and the discrepancy in the the-
mechanisms of nucleation of MDs likewise leads to the for-oretical estimates and experimental data was found to be of
mation of PMDs — nucleation on a free surface of a growingthe same order of magnitude.
epitaxial film and gliding of half-loops of dissociated dislo- It was found that there were significantly fewer theoret-
cations toward a heterobound&ry? ical calculations for PMDs. We call attention to Ref. 28,

Despite the fact that PMDs are now a frequent object ofwhere the formation of a row of parallel PMDs was investi-
experimental investigations, their theoretical description iggated theoretically using Matthews’ simplified energy
not nearly as detailed as that of total MDs. This pertainsapproach® which neglects the energies of interaction of the
specifically to the problem of determining the equilibrium dislocations with the stress field of the initial mismatch and
density of MDs and the critical parameters of a heterosysterwith the free surface of the epitaxial film as well as with one
(critical thicknessh, of an epitaxial film and the critical mis- another. At the same time, in the case of total MDs these
matchf. for which the formation of MDs becomes energeti- terms have a large effect on the equilibrium density of MDs
cally favorable (correspondingly, for arbitrary mismatch  and on the values of the critical paramet¥é¥g®1t is natural
and for a monolayer film For total MDs this problem is to expect that similar corrections will also be important for
most easily solved on the basis of a macroscopic quasiequihe case of PMDs.
librium approach;'3-2 the basic idea of which is to calcu- One formation mechanism of PMDs is nucleation on the

1063-7834/98/40(11)/6/$15.00 1864 © 1998 American Institute of Physics
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FIG. 1. Partial misfit dislocations witk/-shaped stacking faulte — Diagram of the formation of a single PNIB — orthogonal network of PMDs.

surface of a film and gliding of mixed-type partial disloca- This new state is characterized by a residual uniform elastic
tions toward the film—substrate interface. For a sufficientlystraine,= — (f —e4) <0, wheresy=Db/| is part of the initial
high density of surface sources, these dislocations, reachingnismatch accommodated by the introduction of PMBss
heteroboundary, enter into a reaction with analogous dislothe magnitude of Burgers vector of the PMD; ahdis the
cations gliding along neighboring planes, and often formdistance between the PMDs. The total energy density of the
“sessile” PMDs of the Lomer—Cottrell barrier tyd@.The  system in such a semicoherent state can be written in the
PMDs formed in this manner are located at the vertices oform (by analogy with the calculation in Refs. 14 and) 15
V-shaped stacking faultfig. 19. This has been observed in

. . . . —\w/f fd
experiments on heterosystems with diamond and sphalerite W=W"+Wg+Wq+Wig+W?, 2
8-12,30

lattices. whereWd, is the elastic energy of PMDs, which is obtained

Thus, our main goal in the present work is to analyze . o . .
. L y taking account of their interaction with the free surface of
theoretically the energy characteristics of an ensemble o

PMDs with V-shaped stacking faults, taking account of thet € f|!m and with one anoth.er\/\/ﬁsz(f.Jrsz)/[ZTr(l

indicated components of the total energy and the formation . v)]is j[he energy of the nugle| of the PMDs Fhe gxpr?ds-
of orthogonal rows of such PMDs. Epitaxial gallium arsenide>'0"S 9'Ven below we omit the .|ndex 2 i8y); W"“
films on silicon substrates are studied as an example of g _AGi(f+e)(h—b)(1+2)/(1-) is the energy of inter-
specific heterostructure. action of PMDs with the elastic field of the initial mismatch;

To investigate the qualitative differences in the energet-Wy:A”’h(fJFS)/(b cosa) is the energy oN-shaped con-

ics of the formation of total and partial MDs, we shall exam—f'gurat'onfS consiyng fOf Ipandja(;f StﬁCkmg fgul’gs;ls The f
ine a very simple mode— a thin, elastically isotropic film tehnee\r/?gh(; 2;3%%”%&?02 and.a2is the opening angie o
of thicknessh obtained by epitaxial growth on a semiinfinite, Th FI) " 9 ¢ .d' locat N ists of th
elastically isotropic substrate. We shall assume the elastic € elaslic energy of a dislocation system consists of the
constants, the shear modulGs and the Poission ratio to self-energies of each row of PMDs and their interaction en-
be the same for the film and substrate materials. ergy

The_|n|t|al coherent(or pseudpmorp_homsstate of the WgIZW5+Wint- 3)
system is characterized by elastic straip=—f, where f
=(ap;—ay)/a;>0 is the initial two-dimensional mismatch The self-energy of a dislocation row can be calculated as the
between the lattice constants of the substrate and the film -work required for its nucleation in its elastic self-fieftf®
a; anda,, respectively. The density of the elastic mismatchLet one row of PMDs lie along theyOaxis of a Cartesian
self-energy(per unit area of the interfageés given by the coordinate systenx(y,z), and let a second row lie along the

expressioh Oy’ axis of a Cartesian coordinate systexi,§’,z") rotated
141 relative to the first one by the angte/2 so that the corre-
WfZZGl—th. (1)  spondencex’—Xx, y'——z, andz'—y holds (Fig. 1b.
-V

Then the self-energy of two orthogonal rows of PMDs can
As h increases to some critical valle, relaxation of be written in the form
the initial mismatchf starts in the film by nucleation of an
orthogonal network of PMDs on the boundary with the sub- :N_b hfbau,y,z)dX+ N_bfhb(r(x/, Y2 gy (4)
strate: The system passes into a semicoherent (&tatelb). S 2y W 2 )0 VY ’
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whereN=1/ is the number of PMDs per unit length of a
row, o%¥'? was found in Refs. 14 and 15 and is taken here

yy

with the opposite sign of the component of the stress field of

the first row in the coordinate system,y,z), ando(x,/y’?','z/)

is a component of the stress field of the second row in the §
coordinate systemx(,y’,z’). Switching to the coordinate

(x"y"2") _

system &,y,z), we haveo)) ) oli¥?, and the ex-

pression(4) becomes

h—b
Ws=Nb f oY Pdx. (5)
0

The interaction energy of the rows can be calculated as
the work required for nucleation of the first row in the elastic

field of the second row

h-b ., , h—b
Wie=Nb f ooy’ P dx=Nb f oy Pdx.  (6)
0 0

Integrating, taking account of the coordinates of the &

PMDs y==*nl, where n=0,1,2,..., which gives
cos(2ry/l)=1 in the expressions fofi(jx'y’z), we find
Wee coal[2h |Gl ot
20—y T8 5 S S,
h/h Adm(f+e) 1 C,—-1
— == - In NG
GbV f_|_ 2 4h C1+1 Cg+1
int 2(1_1/)( 8) 6 Sl - 83
1 G .
m(f+e) nCl—l ' ®
where

C,=cosh2m(f+e)(2h/b—1)], Cy=cosh2m(f+e)],
Cs=coshi2m(f+¢)h/b],
S;=sinf[27(f+¢)(2h/b—1)], S,=sinf2#(f+e)],
Sy=sinf{ 2 (f+&)h/b].

Substituting the expressioiig) and(8) into Eq. (3), we
obtain

Gb h \C;+1
_ 2 _
vvgl—z(l_y)(ws) 2(1+2v)p -1 5,
- — 4y —4r| =—1]|—
S, b S blb ~/C,—1
1+2v

Cz—l]. ©

C 2m(f+e) 'ncl— 1

The resulting expression obtained for the total enégyy
was analyzed numerically taking account of Eds.and(9)
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FIG. 2. Total energy densityV of a heterosystem versus the residual ho-
mogeneous elastic strainin the film. 8 h/b=400 andf-10°=0.5 (1), 1
(2),1.5(3), 2(4), 3(5), 4(6); b) f=0.04 andh/b=3 (1), 5(2), 10(3), 15

(4), 20(5), and 30(6). The horizontal dashed lines correspond to the values
of W(e=—f) for a coherent state of the system.

cations, one of which glides in the film along ttil1) plane

and can have a Burgers vectoyr=§[121] or §[211] while

the other glides along the plan@11) and can haveb,
=2[211] or [121]. Herea is the interatomic distance in
the direction[001], equal to, for example, 0.5635 nm in
GaAs. As a result of the dislocation reaction, the screw com-
ponents of these partial dislocations annihilate, which results
in the formation of a sessile purely edge PMD, whose line
lies in the plane of the interfag@01). In the case of a GaAs

film, the standard formulajb|= 2Jh?+k?>+1? with b

= g[hkl] give b=0.133 nm andb;=b,=0.23 nm for the
values of the Burgers vectors of the partial dislocations par-
ticipating in these reactions.

Figure 2 displays the functioV(e) for a fixed film
thicknessh=400b and different initial mismatchefsas well
as for a fixed mismatch=0.04 and different thicknessés
The dashed lines show the straight lin&¢e = —f), corre-
sponding to a coherent state of the heterosystem — absence
of PDMs in it. One can see that for smalndh (curvesl in
Fig. 2) the energy of the coherent state is less than the energy
of the relaxed stateW(f)<W(e), i.e. the formation of

with parameter values characteristic for the heterosyster®MDs is energetically unfavorable. For some critical values

GaAs/Si (00): G=32.5 GPa,»=0.31, 2¢~70°, andy

of f and h (curves2 in Fig. 2) there appear on the curves

=0.06 J/n?.?831 For example, in a heteroboundary with sections whereW(e)>W(f) — nucleation of PMDs be-

(001) orientation, a Burgers vector of the PMi>= %[1?0]

comes energetically favorable. The strain ¢, correspond-

can be formed by combining two partial 30° Shockley dislo-ing to the minimum on the curvi@V/(e), is an equilibrium
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residual elastic strain which is uniform over the cross section g

of the film. Then the suni+, representing the part of the ~ ~%F
initial mismatch that is removed when the PMDs are formed,

determines the equilibrium distance between thiemb(f

+¢&). As f and h increase further, the values ¢f| and |
decrease: The ensemble of PMDs becomes more dense and
accommodates a larger part of the initial mismatch ~0.006
The curvesW(e) (Fig. 2) describing the energetics of a
heterosystem with PMDs agree qualitatively well with the
similar curves obtained in Refs. 14-16 for total MDs
(TMDs). However, the quantitative discrepancies are very
large. Settingy=0 in Eq. (2) and takingb=0.385 nm(the
Burgers vector of a total 90° M@/2(110), lying_in the
(001) heteroboundary along the directiofisL0] or [110]*?),
we obtain an expression for the total energy of a system with
two orthogonal rows of TMDs. Analysis of the curnvég¢)
for PMDs and TMDs makes it possible to compare the char-
acteristic features of the formation of their ensembles.

Figure 3 shows andl versus the mismatdhfor a fixed 3
film thicknessh=400b~53.2 nm(hereb=0.133 nm — the ~ ~0.04}
Burgers vector of the PMDsand versus the thicknes$sfor
fixed f=0.04 (characteristic for the heterosystem GaAjs/Si
The solid lines show the curves for PMDs and the dashed -0.03
lines show the curves for TMDs. One can see that for small
values off the functions (f) are linear ¢(f)=—f, Fig. 33,
while for smallh the equilibrium straire(h) is constant and
likewise equals—f (Fig. 3b, which corresponds to purely
elastic accommodation of the mismatch and absence of MDs

on the heteroboundary € »). As soon ag or h reaches its \\
critical valuef or h; (for fixed h or f, respectively, plastic -0.01 \
relaxation — nucleation of MDs — occurs and the equilib- \\
rium uniform elastic straife| decreases sharply fdr>f =
(Fig. 33 and forh>h, (Fig. 3b. Correspondingly, the equi- { L ) ———
librium distancel between MDs becomes finite and de- 0 z 6 10
creases. It is important to note that for the chosen thickness
h~53.2 nm the critical mlsmatch: is five times smaller f_or FIG. 3. Equilibrium uniform elastic strain of a film and the equilibrium
TMDs (_NO'OOZ) than for PMDs £ 0.01). The decreasing distancel between misfit dislocations versus the initial mismatahith h
curvese(f) (Fig. 38 rapidly saturate, the modulus of the =40b~53.2 nm(a) and versus the thickne$sof the epitaxial film with
saturation level being almost two orders of magnitudefio.ol!- ('b).'The SF)"d lines show the curves for partial and the dashed for
smaller for TMDs (~1-10%) than for PMDs (-85 't misfit dislocations.

1074, i.e. for such a film thickness the TMDs give much

more complete accommodation of the mismatch than do

PMDs. It is interesting that in this case the equilibrium dis-matched and thicknessels. The intersecting curvekand2
tances between TMDs are approximately two times greatedivide the phase spacé,b) into four regions with different
than between PMDs. defect structure of the heteroboundary. Region I, bounded by

In turn, for a chosen mismatdh=0.04 the critical film  the upper part of the curveand the lower part of the curve
thicknessh, (Fig. 3b is approximately 1.6 times smaller 2, corresponds to a coherent state of the system with no MDs
than for PMDs (0.6 nm) than for TMDs {0.96 nm). present. The region Il, bounded by the upper parts of the
This means that as an epitaxial film grows with such a miscurvesl and2, corresponds to the presence of TMDs on the
match(for example, a GaAs film on a silicon substratirst  heteroboundary. The region Ill, bounded by the lower part of
PMDs and then TMDs should nucleate. This sequence othe curvel and the upper part of the cunze corresponds to
appearance of PMDs and TMDs has been observed in théde simultaneous existence of TMDs and PMDs. Finally, the
heterosystems GaAs/$it?and Pd/Au §~0.046) 3233 region 1V, bounded by the lower parts of the curdeand2,

The diagram in Fig. 4, obtained using the functionsis the region where PMDs form. One can see that the curves
h.(f) for TMDs (curvel) and PMDs(curve?2), gives amore 1 and 2 are considerably different: The functidn(f) for
complete picture of the possible regimes of filling of heter-TMDs (curve 1) has no asymptotes, while for PMDsurve
oboundaries of PMDs and TMDs in a wide range of mis-2) it has a vertical asymptote at the poiitt9-10~3. This

-0.002
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-0.02 20

1 i
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FIG. 4. f—h diagram obtained using the functiohg(f) for total (1) and 10'3 | \
partial (2) misfit dislocations. Four regions are distinguishee- coherent 1 -3 -2 -7
state of the system, II-1IV — total, total and partial, and partial misfit dis- 0 1g 170

locations at a heteroboundary, respectively.

FIG. 5. Equilibrium total energyV of a system versus the mismattfor a
system with total1) and partial(2) misfit dislocations with film thickness

means that in the case of TMDs there should always exist a=100 nm.

critical thicknessh, for any, however smallf, i.e. in any

heterosystem it is possible to grow a film on a semiinfinite

substrate up to a thickness such that nucleation of TMDs

becomes energetically favorable. However, this is not so in . . .

the case of PMDs: There exists a limiting mismafgH(f, here the energy gain as a result of the introduction of TMDs.

~9.1072 for the chosen working parametgiuch that for In the regi.onf>fC:f|~9.- 10723 this difference shows the
f<f, the formation of PMDs will remain energetically unfa- E"€rdy gain from formation of TMDs instead of PMDs. In
vorable for any film thicknesses. We also note that the rang#)is case it is=0.06 Ga=1.1 J/nf, andW®)(f) is more than
Ah of film thicknesses for which nucleation of PMDs is an order of magnitude greater thei)(f).
more favorable than nucleation of TMDs is found to be ex-  In summary, our model of PMDs, located at the vertices
tremely narrow —Ah=<0.3 nm. For this reason, it should be of V-shaped stacking faults that penetrate through the entire
extremely difficult to observe accommodation of the mis-film from heteroboundary to the free surface, gives an ex-
match by formation of only PMDs. In most cases eithertremely low probability of observing such defective configu-
PMDs or PMDs and TMDs simultaneously should be ob-rations in quite thick films if~10 nm and thickér The cal-
served, and the larger the mismatch and the thicker the filmgylations performed show that they should appear only in
the lower the relative fraction of PMDs should be. Such an\/ery thin epitaxia| films of nanoscopic thickness and for
observation is contained in the experimental work Ref. 12)arge mismatches f(=0.01). Under these conditions the
where the percentage fractions of TMDs and PM&sd also  pMDs associated wit-shaped stacking faults are typical
60° MDs, which we do not study herare presented as a glements of the defective structure of nanolayer heterostruc-
function of the film thickness. This is explained both by the,res observed expermentally in Refs. 11 and 12. For smaller
low efficiency of PMDs from the standpoint of the degree of ajyes off and larger values df TMDs or PMDs, associated
relaxation of the initial mismatch as a result of the smaller ity stacking faults with partial dislocations located in the
magnitude of their Burgers vectdFig. 3) and by the large  jyierior of the film outside the heteroboundary, should form.
contribution of the stacking-fault energy to the total energyrne inyestigation of the role and location of such formations
of the system. _ in mismatch accommodation processes in heteroepitaxy is a
Figure 5 displays the equilibrium total enerlgy of the subject of our further investigations.
system as a function of the misfifor_a system with TMDs This work was supported in part by the Russian Fund for
(W(f), curvel) and with PMDs W)(f), curve2) with  Fundamental Researcgrant 98-02-16076and the Russian
film thicknessh=100 nm. The initial part of the curv2for  Scientific Council on the Interdisciplinary Science and Tech-
f<f.=f~9-10"%is completely determined by the expres- nology Program “Physics of Solid-State Nanostructures”
sion (1), and the differenc&V(?)(f)—W)(f) characterizes (Grant 97-3008



Phys. Solid State 40 (11), November 1998 Gutkin et al. 1869

JE-Mail: gutkin@pgpt.ioffe.rssi.ru; gutkin@def.ipme.ru 173. R. Willis, S. C. Jain, and R. Bullough, Philos. Mag68& 115(1990.

18A. Rocket and C. J. Kiely, Phys. Rev. 8}, 1154(1991).
TYu. A. Tkhorik and L. S. KhazarPlastic Deformation and Misfit Dislo- A Atkinson and S. C. Jain, Thin Solid Filn22, 161 (1992.
cations in Heteroepitaxial Systerfis Russiad, Naukova Dumka, Kiev, A. Atkinson and S. C. Jain, J. Appl. Phygz, 2242(1992.
1983, 304 pp. 21T, J. Gosling, S. C. Jain, J. R. Willis, A. Atkinson, and R. Bullough,
2M. G. Mil'vidskit and V. B. Osvenskj Structural Defects in Epitaxial Philos. Mag. A66, 119(1992.
Layers of Semiconductofs Russian, Metallurgiya, Moscow, 1985. 22g_C. Jain, T. J. Gosling, J. R. Willis, R. Bullough, and P. Balk, Solid State
3W. D. Nix, Metall. Trans. A20, 2217(1989. Electron.35, 1073(1992.

4S. C. Jain, J. R. Willis, and R. Bullough, Adv. Phy&9, 127 (1990. g, C. Jain, T. J. Gosling, J. R. Willis, D. H. J. Totterdell, and R. Bullough,
5S. C. Jain and W. Hayes, Semicond. Sci. TechBp547 (1991). Philos. Mag. A65, 1151(1992.

°E. A. Fitzgerald, Mater. Sci. Ref, 87 (1991). 24T J. Gosling, R. Bullough, S. C. Jain, and J. R. Willis, J. Appl. PRs.
’N. Burle, B. Pichaud, N. Guelton, and R. G. Saint-Jacques, Phys. Status 8267(1993.

Solidi A 149 123(1996.

55 C De & 4 C. B. Carter, Acta Metdll, 2765(1989 25y, Jain, S. C. Jain, J. Nijs, J. R. Willis, R. Bullough, R. P. Mertens, and
. C. De Cooman and C. B. Carter, Acta Metall, . :
' . ’ R. Van Oversraeten, Solid State Electr86, 331(1993.

9 ’ y

B. C. De Cooman, C. B. Carter, Kam Toi Chan, and J. R. Shealy, ActaQGT. J. Gosling and J. R. Willis, Philos. Mag. 80, 65 (1994).

Metall. 37, 2779(1989 9 g
10 Zou. an,d D JH Ct.)ckayne Appl. Phys. L&, 1083 (1996, 27k, Bailly, M. Barbe and G. Cohen-Solal, J. Cryst. Growft53 115
1IM. Loubradou, R. Bonnet, A. Vila, and P. Ruterana, Mater. Sci. Forumza(lggs' . . .

207-209, 285 (1996. A. K. Gutakovski, O. P. Pchelyakov, and S. |. Stenin, Kristallograf3&
12\1. Tamura, Appl. Phys. A: Solids Sur63, 359 (1996. 806 (1980 [Sov. Phys. Crystallog25, 461 (1980)].
133 W, Matthews, J. Vac. Sci. Techndl2, 126 (1975. 29). Hirth and J. LotheTheory of DislocationsWiley, N. Y., 1982, 2nd ed.;

14y, . Vladimirov, M. Yu. Gutkin, and A. E. Romanov, iRhysical Aspects Atomizdat, Moscow, 1972, 600 pp.
of the Prediction of the Fracture and Deformation of Heterogeneous Ma-°Defects in Semiconductor Crystdldir, Moscow, 1969, 376 pp.
terials[in Russian, edited by A. M. Leksovskj Physicotechnical Institute 813, Zou, B. F. Usher, D. J. H. Cockayne, and R. Glaisher, J. Electron.
Press, Leningrad, 1987, p. 76. Mater. 20, 855(1991).

15y, 1. Vladimirov, M. Yu. Gutkin, and A. E. Romanov, Pverkhnost'. Fiz- 32D. Cherns and M. J. Stowell, Thin Solid Filn29, 107 (1975.

ika, i Mekhanika, No. 6, 4§1988. 3D. Cherns and M. J. Stowell, Thin Solid Filngs, 249 (1976.
18M. Yu. Gutkin, A. L. Kolesnikova, and A. E. Romanov, Mater. Sci. Eng.

A 164, 433(1993. Translated by M. E. Alferieff



PHYSICS OF THE SOLID STATE VOLUME 40, NUMBER 11 NOVEMBER 1998

Reversible and irreversible magnetic-field-induced changes in the plastic properties
of NaCl crystals

Yu. I. Golovin, R. B. Morgunov, D. V. Lopatin, A. A. Baskakov, and Ya. E. Evgen’ev

Tambov State University, 392622 Tambov, Russia
(Submitted January 27, 1998; resubmitted April 27, 1998
Fiz. Tverd. Tela(St. Petersbung40, 2065—2068 November 1998

It is established that a weak magnetic field with inductibr 1 T gives rise to irreversible

changes in NaCl crystals without freshly introduced dislocations, while a strong magnetic field
with induction 16<B<<35 T gives rise predominantly to reversible changes. It is inferred

that there exist two different channels whereby a magnetic field influences the state of point
defects. ©1998 American Institute of Physid$$1063-7838)02211-4

Dislocation motion stimulated by a weak constant mag-double chemical etching. The procedure of double etching in
netic field (MF) with inductionB=<1 T in unloaded crystals the absence of external actions produced a background travel
with paramagnetic impurities was first reported in Ref. 1. Indistance, identical in all experiments, for freshly introduced
such a field the energlf imparted to a paramagnetic center dislocationsL,=10*=1 um, evident from etch pits at the
with magnetic moment equal to one Bohr magnejoris  surface.

E~ugB<kT, where T~300 K is the experimental tem- Square pulses of a weak field lasting 20 s, leading edge
perature,g~2 is the Landefactor, andk is Boltzmann's 3 s, and amplitudé8=2 T were produced with an electro-
constant. Later it was established that one reason why dislanagnet. Strong MF pulses with the shape of one-half period
cations move in a MF is that the field influences electronicof a sinusoid of 140us and amplitude up to 35 T were
processes occurring in a subsystem of structural defetts. generated in a solenoid by discharging a capacitor bank.

At the present time the nature of this “weak-field” effect is In the first series of experiments the influence of a weak
not known in detail, but there are strong grounds for believiMF on the microhardness of crystals was investigated. NaCl
ing that a MF stimulates spin-dependent intercombinatiorsamples with no freshly induced dislocations were pretreated
transitions in complexes of paramagnetic deféctsThis  with a MF and then, after 1 min, the microhardnéssvas
speeds up the relaxation of the complexes out of a metastabfeeasured. The value obtained féwas less than the micro-
stat€ and gives rise to depinning of dislocations from stopshardnessH, of crystals which were not treated with a MF
and subsequent motion of the dislocations in the long-rangéig. 1). Just as in Ref. 8, the value &f, decreased as a
field due to the internal mechanical stresses of the cryétal. result of the preliminary treatment of crystals with a MF, was

In MFs, which we shall conventionally term strong in restored to a value close to the initial valdg as the dura-
what follows, such thaE~ ugB~kT, additional channels tion 7 of the pause between the field pulse and the moment
whereby a field can influence the state of structural defectsshen the microhardness is measured increaded. 1).
and in consequence the plastic properties of materials cardowever, this fact alone cannot be the only evidence of re-
arise. Our objective in the present work was to create experiversibility of the changes produced by a field in a system of
mental conditions for observing and investigating differencestructural defects. For this reason, the NaCl samples, held for
between the effects of weak and strong MFs on the plasticity=2-10* s after the first exposure in MF, were exposed to
of NaCl crystals. an additional field pulséamplitudeB=2 T, duration 20 s

Two characteristics of plastic properties were chosen awhich was applied just before the microhardness was mea-
the response to the action of MFs: the microhardness ansured. It was established, to within the limits of the experi-
MF-induced runs of individual dislocations. The experimentsmental error, that this additional pulse did not change the
were performed on 83X5mm NaCl single crystals, position of the level reached biy(7) for 7>2-10* s (Fig.
guenched in air from 700 K, with Ca impurity-ion concen- 1), i.e. despite the fact th&t was restored, the crystal was no
tration of 0.01 at.%. The microhardness of the crystals waonger sensitive to a MF. Therefore the state of crystals was
measured using a PMT-3 microhardness meter. Each point imot restored to the initial state even a long time after the first
the plots is the result of averaging 30—-50 individual micro-MF pulse during which the microhardness returned to a
hardness measurements performed under identical condralue close tdH,.
tions. In experiments investigating the mobility of edge dis-  The experiments in the second series differed from ex-
locations introduced by the standard method of makingperiments in the first series only in that the MF pulses ap-
scratches on the surface of the sample, the MF-induced diplied to the crystals before indentation had a duration of
placementL of a dislocation was measured. The displace-140um and an amplitude of 20 T. The effect of one such
ment was determined by averaging 100-150 values of thpulse was to decrease the microhardness of the crystals by
travel distances of individual dislocations, measured bythe same degree as in the case of the crystals exposed to a
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FIG. 1. Microhardnesh! of crystals versus the pause duratiobetween the 0 10 20 30 B,T

first measuremen(iperformed before treatment of the crystals in a MF and

ﬂen(;)ted b)_/”t1he open s%uamnhd supsehquent mea;surftfemfer:\ts I?/;‘Fthzgwicro-FlG. 3. Average dislocation travel distancesersus the amplitudB of the
ardness. The arrows show the switching on and off of the fdse - pulse.1 — in NaCl-l, 2 — in NaCl-Il, and3 — in NaCl-l, exposed to

ration 20 s and amplitud@=2T), performgd between sucgessive micro— light with wavelength 350 nm before dislocations were introduced. The
hardness measurements. The dot-dashed line shows the microhadgriess 4+ jashed line shows the value of the travel distd produced in the

crystals which have not been exposed to a MF. Inset: Sequence of procggy giais by etching in the absence of a MF. Inset: Sequence of procedures in
dures:B — MF pulse, triangles — moments at which microhardness Meagyneriments of different types — MF pulse, arrow — introduction of

surements were preformed. dislocations, asterisk — etchingh — photoexposure.

weak MF(Fig. 2). It was also observed th&t was restored

to the valueH, when the pauses between the MF treatment 40 ,m was investigated. In Ref. 7 it was established that
and indentation increased. However, this restoration OCyirtually the entire run induced by a short MF pulse occurs
curred approximately 20 times more slowly than in the firstafter the pulse ends and not during the pulse, so that dislo-
series of experimentee Figs. 1 and)2Moreover, switch-  catjon travel distances actually characterize the aftereffect of
ing the MF on repeatedly once again decreasetb the 5 MF, just in measurements of the microhardness. In NaCl-|
same Value that existed |mmed|ate|y a.fter the f|e|d Wa%rystajs the dependent) was nonmonotonic: It was an
switched on the first timéFig. 2). Therefore a strong MF increasing dependence only upBe-16+2 T, while for B
induced reversible changes in the crystals. >16 T it became a decreasing dependeriEg. 3. In

In summary, depending on the conditions of exposure of\aCI-I| the dependence(B) was monotonic, and, to within
quenched crystals in MFs, qualitatively different changesne experimental accuracy, MFs right upBe=17+1 T did
arose in the crystals: irreversible in a weak field and reverspot increase the dislocation displacements above the back-
ible in a strong field. In what follows, we shall call crystals ground valuel, (Fig. 3). A field with B>1 T initiated dis-
in which a weak MF influenced the microhardness NaCl-I. Ajgcations displacements which increased monotonically with
weak MF did not produce any changes in the microhardnesge field induction. Therefore, to within the limits of the
of crystals held at 290 K for one year after quenchingexperimental error, the value & at which a maximum of
(NaCl-Il crystals. L(B) in NaCl-l was observed is the same as the threshold

Both types of crystals were used in the third series ofygjye of the field at which stimulation of dislocation dis-
experiments, where the dependence of the dislocation travglacements in NaCl-Il is first observed.
distanceL on the amplitude of a MF pulse with duration In NaCl-l crystals it was also possible to observe a
monotonic field dependende(B), if the samples are ex-
posed for 15 min to monochromatic light with wavelength
350 nm before dislocations are introduced and a MF is ap-
plied (Fig. 3. In Ref. 4 it was established that such treatment
of crystals suppresses the sensitivity of point defects to a
weak MF. It follows from Fig. 3 that suppression of the
“weak-field” magnetoplastic effect results in the fact that
the “strong-field” part of the field dependende(B) (for
B>16 T) is no longer decreasing, but rather is increasing.

i ite " vfa\vvﬂl\va Thus photoexposure of NaCl-1 makes the dependér{@&)
1.8 B ; 1 ! closer to that observed in NaCl-1l without photoexposure.
0 0.5 2.10% 1.0 5 Switching now to our discussion, we note that the
?

change in the state of the crystals in a weak MF, in principle,
FIG. 2. Same as Fig. 1 with MF pulse amplituBe=20 T and duration ~ could be explained by depinning of growth dislocations from
140 um. stops and redistribution of internal mechanical stresses in the
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crystal (as described in Ref.)2r by the influence of a MF 30 T, shows that a superposition of two very different
on the state of complexes of point defetfisr example, on mechanisms of the effect of a MF on the state of point de-
the degree of their associatiorEvidently, in the first case fects is observed in NaCl-I crystals. One is the weak-field
one would expect that the microhardness likewise willmechanism. In NaCl-l crystals it gives rise to irreversible
change irreversibly. However, according to Fig. 1, the valuechanges in the point defects. The other is a strong-field
of the microhardness is restored after the MF pulse ends. Thaechanism. It becomes effective in fiel@s>16 T and is
decrease iH in a MF and an increase iH after the field is  characterized by reversibility of the changes introduced by a
switched off can hardly be due to the same cause—relaxatiofield into the subsystem of point defects. Apparently, only
of internal stresses. This shows that in a MF the microhardthe strong-field channel of the effect of a MF on the state of
ness changes because of the influence of the MF on the stgteint defects materializes in NaCl-1l crystals, since a mono-
of point defects. tonic dependencé&(B) is observed in them. This point of
In a weak MF the state of point defects changes irreversview is also confirmed by the fact that the “bleaching” of
ibly, since in the opposite case switching on an additionapoint defects which are sensitive to a weak MF by light
field pulse should put point defects into the same state as thatiminates the nonmonotonicity of the dependerngd)
existing immediately after the first MF pulse, which in turn (Fig. 3).
would once again decreakk The fact that the crystal loses In summary, a weak MF with inductioB~1T gives
its sensitivity to repeated weak MF pulsgsg. 1) shows that rise to an irreversible change in the metastable states of point
the a field withB<<16 T initiates in a subsystem of point defects, initiating a multistage relaxation process accompa-
defects a multistage relaxation process, which causes thded by a change in the microhardness of the crystal. A
crystals to become insensitive to subsequent exposures tostrong MF with inductionB>16 T reversibly changes the
MF. Therefore the apparent ‘“restoration” of the state of state of point defects. This attests to the fact that in a strong
point defects after the MF is switched off is apparently theMF energy comparable to the average energy of thermal
second stage of the field-induced relaxation process, whilfluctuations is imparted to point defects. Further investiga-
the first stage proceeds in the MF. tions are required in order to determine the mechanism of the
The irreversible character of the changes initiated in theedistribution of the energy imparted to point defects in a
subsystem of point defects by a weak MF attests to metastatrong MF and the type of these magnetosensitive defects.
bility of magnetically sensitive states of point defects and  This work was supported by the Russian Fund for Fun-
means that the role of a MF reduces only to speeding up thdamental ReseardiGrant No. 97-02-1607%4
relaxation process, which proceeds slowly in the crystal even
in the absence of a MF.
In strong MFs, primarily irreversible changes in the
states of point defects occur in NaCl-I crystéigg. 2). This V. I. Al'shits, E. V. Darinskaya, T. M. Perekalina, and A. A. Urusovskaya,
could be due to the difference in the micromechanisms of the ;ié_-) (Tl\éesr;)ij Tela(Leningrad 29, 467 (1987 [Sov. Phys. Solid Statg9,
effect of a MF on pQInt def.eCtS @=2 and 20 T. The fact 2v. 1. Al’shité, E. V. Darinskaya, and O. L. Kazakova, JETP Lé&®2, 375
that the pause durationrequired to restoréf after treatment  (7ggg5 j
in strong and weak fields with the same initial value of 3v.I. Arshits, E. V. Darinskaya, and O. L. Kazakova, Zhk$p. Teor. Fiz.
AH=H"H, (Figs. 1 and 2likewise shows that the strong- 4\l(tll6%55o(li?/i?? }[?JE;PI\%} 35:0(\/19&7)]\./ Badylevich, and S. Z. Shmurak
and weak-field channels whereby a MF incluences the statel & S0P S ™ol B T o o o oo Py, Solid Stat@o,
of point defects are different. The reversibility of the micro- 15351997,
hardness changes after the action of a strong MF shows th&m. I. Molotskii, Fiz. Tverd. TelaLeningrad 33, 3112(1991) [Sov. Phys.
in a strong MF, in contrast to a weak field, enough energy isesg'i? 22};3/% 1;63(133?]%0\/ and V. E. vanov, Fiz. Tverd. et
!mparteq to point defects so that the defects are trgnsferredpeieésburg39" 20'16'(199.2 [Phyys " Solid Statao, 15;03(1997)]. ' '
into excited states. Therefore the weak and strong field mag#yy. I. Golovin, R. B. Morgunov, and S. E. Zhulikov, Izv. Ross. Akad.
netoplastic effects are thermodynamic opposites of one an-Nauk, Ser. Fiz61, 965(1997.
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A theory of mixed electronic-impurity phase separation in degenerate magnetic oxide
semiconductors, including highs superconductors and materials with colossal magnetoresistance
(CMR), is developed. Such a separation can occur in materials with excess oxygen, if they

are simultaneously doped with an acceptor impurity whose atoms are frozen in position. Oxgyen
acts as an acceptor, which can diffuse through the crystal. Then, for example, manganites

can break up into ferromagnetic and antiferromagnetic regions with all holes and oxygen ions
concentrated in the former and with no holes or oxygen ions in the latter. Such two-

phase systems can possess CMR and anomalous thermoelectric power, and they can make a
transition from an insulating into a highly conducting state as temperature increases. The reverse
insulator—metal transition is also possible. 1®98 American Institute of Physics.
[S1063-783%8)02311-9

It has been known for a long time that in the ground statestoichiometry, often highi-. superconductors and MCMRs
of a number of strongly doped magnetic semiconductorgontain as acceptors not only essentially immobile ions spe-
thermodynamically equilibrium phase separation occurs saially introduced into thentfor example, Ca and Sr in man-
that the minimum energy of the crystal corresponds to a statganite3 but also mobile oxygen ions. Mixed electron-
where different magnetic phases are mixed with one anotheimpurity phase separation can be expected in such materials.
Similar phenomena are also possible in highsupercon- The present paper is devoted to investigating this. In the case
ductors related to them. of such phase separation, all holes and oxygen ions present
Two basic types of magnetic phase separation are distirin the crystal collect in the FM part and are completely ab-
guished: electronicand impurity (see the monograph Ref. 3 sent from the AF part of the crystal. Although in this case,
and the review Ref. ¥ The first type occurs with fixed po- just as in the case of electronic phase separation, charge
sitions of the dopant atoms and consists in concentration gfeparation also occurs, this effect is less pronounced here.
all charge carriers in definite regions. In antiferromagneticThe destruction of the two-phase state by a magnetic field is
(AF) semiconductors the initial order is replaced by ferro-manifested as CMR. The existence of a two-phase AF—-FM
magnetic(FM) order in which the carrier energy is lower. State in manganites moderately doped with Ca has been con-
The rest of the crystal remains AF and insulating. Togethefirmed by direct neutron experimert§ut its nature has still
with phase separation, charge separation also occurs hefQt been determined.
since both phases are positively chargegcess carriers in Mixed phase separation is also possible in highsu-
one and excess ionized donors or acceptors in the)other perconductors. Moreover, there are direct experimental indi-
Phase separation of the second type occurs in the matgations that phase separation in lanthanum cuprate combines
rials where donors or acceptors are quite mobile at temperdeatures of impurity and electronic separatfon.
tures below the magnetic-ordering point. For this reason, not
only charge carriers but also the defects engendering them
and becoming ionized concentrate in one of the phases. Asé]?ELECTRO'\"IMPURITY PHASE SEPARATION IN THE
X , . OUND STATE
result, the charge separation and the associated increase 0
the Coulomb energy of the system vanish. For example, this Here a thermodynamically equilibrium phase separation
is the situation in a number of highs superconductors with  will be considered to be the ground state of the crystal. In
perovskite structure, where oxygen, playing the role of arreality, of course, we have in mind quite low but finite tem-
acceptor, collects in a definite part of the crystal and makes peratures at which impurity diffusion is still possible. As
superconducting. The rest of the crystal becomes an AF imoted above, mixed phase separation is accompanied by
sulator. Impurity AF—MF phase separation with oxygen con-charge separation. To decrease the Coulomb energy of the
centrated in the FM phase is also possible in materials witlphase-separated system, both phases strive to mix with one
colossal magnetoresistan@dCMR) such as manganites, if another. However, the increase in surface energy arising in
their oxygen content exceeds the stoichiometric level. this case limits their mixing. As a result, in the isotropic
However, because of difficulties in monitoring oxygen crystal the phase with the smaller voluitminor phasgcon-
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sists of small drops several nm in size, imbedded in the mawhereR are the coordinates of the center of tHespherer,,
trix of the host phase, where they form a superlattité. are the coordinates of theth electron, and\, is the total
As far as impurity phase separation is concerned, despiteumber of electrons. In the ground state the indices of the
the absence of Coulomb forces the tendency toward phassngle-electron statels correspond to the one-electron ener-
mixing exists here also: It decreases the elastic forces whichiesE, below the Fermi energy.
arise as a result of the difference in the elastic properties of Dirichlet boundary conditions are used for each sphere.
both phases. As a result, here, the minimum energy corréFhis is justified even for not very deep potential wells, if
sponds to plane-parallel geometaiternating layers of both [2m(U —E,)Y?]R>1, whereU is the depth of the potential
phases but under typical conditions their typical sizes arewell andmis the electron effective masé €1). The wave
several orders of magnitude larger than the radius of théunction(2) is exact, if the radius of the potential well is less
drops in the presence of electronic phase separédEmRef. than the screening radius. For large value®Rpft gives an
4). Since Coulomb forces are much stronger than elasticipper estimate for the energy of the phase-separated state.
forces, they should determine the geometry of the system in If keR>1, then the adiabatic approximation can be used
the presence of mixed phase separation also. to calculate the kinetic enerdy, . In this approximation, a
Having in mind lanthanum manganites, we shall studymemory of the spatial quantization of the electronic motion
the separation of a sample into FM and AF phases. Theemains in the form of the surface enefgy, which must be
extension of this analysis to other systethigh-T. super- added to the volume enerds, (Ref. 3
conductors and so ¢rnis self-evident. The analysis is based

on thes—d model with the Hamiltonian Ex=Ev+Es,
3 (677_2”)2/3
A —- +¥X)2 _onv
H:E Eka:(rakv_ NE (s Sg)o(r’ Ev 51“(”) n(1+X) 3\/1 wm(n) om ) (3
1/3
Xexqi(k_k,)'g}a,kcoak’a’ Ee= (z) —SEV n=nn+n 4
S ﬁ 6 16nl/3(1+x)1/3R' D O» ( )

—12 Sy Syra— > (H-S)+Hc+Hq, (1)

wheren is the average electrafor hole density. It consists

of the densitiesp andng, related with the divalent ions and
where ag,, and a,,, are s-electron operators modeling con- excess oxygen, respectively. The quantifit + X) is simply
duction electrons or holes with quasimomentknand spin  the carrier density inside FM drop¥, is the total volume of
projectiono, s is the s-electron spin operator, arf§} is the  the sample, ang8=3. The volume of the FM phase is
operator for thed-spin of atomg of magnitudeS. The first  /(1+ X), wherev is the volume of a unit cell.

term in Eq.(1) is the kinetic energy of the electrons, the The Fermi energyw can be written in a form corre-
second term is the—d exchange energy, and the third term sponding to the total spin-polarization of the charge carriers
is direct exchange betweehspins (A is the vector connect-  (if the polarization were incomplete, then the FM region for
ing nearest neighborsFurther,Hc is the Coulomb interac- carriers with one of the spin projections would not be a po-
tion energy ofs electrons interacting with ionized impurity tential well but rather a potential humgn the s—d model
atoms andHy is the elastic interaction energy between im- (1) this means that the inequaliy<<AS must be satisfied,
purity atoms. Only the effect of an external magnetic fidld whereA is thes—d exchange integral arfiis the magnitude

on thed spins is taken into account. Its indirect effect on theof the d spin. Specifically, this inequality holds in the case of
spins of thes electrons via the magnetization of tdespinsis  double exchange, where the widtti of the band fors elec-
much stronger than the direct effécand for this reason the trons, modeling conduction electrons or holes, is small com-
latter is neglected. pared withAS,

To calculate the energy of the phase-separated state we The Coulomb energy is calculated in the jellium model
shall employ a variational principle, generalizing the proce-using elementary electrostatics. For ferromagnetic spheres in
dure employed in Ref. 1. All conduction electrofms holes an antiferromagnetic matrix the result is
are assumed to be concentrated within the FM phase. The
number of charge carriers in the AF phase is exponentially
small.

It is assumed that the minor phase consists of spheres of
radiusR, which form a periodic lattice inside the host phase.  f(X)=[2X+3-3(1+X)??], ©)

The second variational parameteris the ratio of the vol- \yhares is the permittivity. In the case that the host phase is

umes of the AF and FM phaseX=V,/Ve. If the minor £y ang the AF drops are imbedded in the FM matrix, the
phase is highly conducting, the electronic part of the wavg-\1_afMm interfacial energy is given by Eq4) with B
function atT=0 is taken in the form of an antisymmetrized _ 3y \vhile the Coulomb energy is

product of one-electron wave functioggr), corresponding

to the free motion of an electron inside a spherical region of 27, .,
radiusR Ec=g, e RG(X)V,

27n2
ECZKDeZRZf(X)V,

W=(Ng) Y?Det| (R —rp)], 2) g(X)=X[2+3X—3X¥3(1+X)?3]. (6)
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2

By postulate, the elastic interaction energy of the impurity No
11
n

atoms is small compared with the Coulomb energy and is §=8(1+ —
therefore neglected. b
We shall now write out the energy of tidesubsystem. In has been introduced.

the nearest-neighbors approximation it is given by the ex-  The subsequent procedure of minimizing the energy

pression with respect taX in the general case can be performed only
KIS H2S X HS numerically. But, if the energig is small, it influences very
Eqq/V= little the optimal value ofX determined mainly by the ener-

(1+X)r 4R(L+X)  (1+X)p gies Ey and Eqq, which by assumption are much greater

J=71S, (7)  thanEg. Then, we obtain foH <|J|
wherel is thed—d exchange integral andis the coordina- Ve 1 3u(lv) ¥°
tion number. The first term in Eq7) is the increment to the AT SN E S RS 12

d—d exchange energy due to AF ordering being replaced by

FM ordering, and the second and third terms give the energy |t should be noted that the optimal parameters of the
of the AF and FM phases in an external magnetic fiéld  system do not include the depth of the potential well.

Finally, we must write out the differencéy in thes-  Nevertheless, it should be large enough to make phase sepa-
electron energy in the presence of AF and FM orde?iﬁg. ration energetica”y favorable.

Two expressions will be presented. The first one corresponds  As one can see from Eq$10)—(12), for a fixed total
to magnetic semiconductors with widebands and the sec- charge-carrier density the volume of a FM drop increases
ond corresponds to narrow bands(so-called double ex- quadratically, according to Eq11), as a function of the
change: weight ng/np of the impurity phase separation. Therefore,
Ey=—UNV here, the size of FM drops cannot be much larger than in the
' case of purely electronic phase separation. For this reason,
these drops can be manifested not in small-angle scattering,

U= o W>AS, but rather in quite sharp ferromagnetic peaks of neutron scat-
tering, which were observed in Ref. 5 in lanthanum manga-
1 nites.
U=zt 1- 2si1) W<AS, 8 Obviously, if the FM phase is the minor phase and con-

sists of drops which are isolated from one another, then all

wheret is thes-electron hopping integral. Many investigators charge carriers are locked up inside them and cannot move
believe that double exchange materializes in lanthanum marihrough the entire crystal. Therefore the crystal behaves like
ganites, although there do exist experimental data for th@n insulator. But, as one can see from Etp), the volume
opposite point of view(see Ref. V. of the FM phase increases as the total carrier density in-
creases, and the FM phase becomes the major phase. Then
the crystal should possess high conductivity, since carriers
can move freely through the crystal, by-passing the insulat-
ing AF drops.

An alternative to phase separation in Lgby; ,O5

To find the ground state of the system under study, théS noncollinear AF ordering, induced by current carriers un-
total energyE, = Ey + Es+ Ec+ egq+ Ey, must be minimized ~der double-exchange conditiohBut this idea contradicts
with respect to the paramete¥sandR. As is evident directly ~ not only the neutron diffraction dafabut also data on the
from Egs.(2)—(8), only the surface energiis and the Cou-  €lectrical properties of these materials. Unsaturated ferro-
lomb energyE. depend onR. This makes it possible to Magnetism was observed far<0.17 andy close to zero,
minimize the total energy with respect ®in an explicit ~Where the crystal as a whole behaved as an insulatee
form. In the case of FM drops, the optimized energy andRef. 7. But the theory of Ref. 8 is based on the opposite

2. SPECIFIC FEATURES OF THE MIXED PHASE-
SEPARATED STATE

radius are given by the expressions assumption that the cryst_al is i_n a high-conductivity state. At
o 13 f[he same time, thg con3|der_at|0ns _presented a_bove concern-
En= (Es+ Eo) o= (2 23+ 21,3)< 9m ) ing phase separgnon r_nake |'§ possible to explain why unsat-
RTA=ST =Clopt 160 urated FM ordering is insulating.

The idea of phase separation also makes it possible to

Xe2’3n2’3,u4’3f(X)”g(l+X)ZI9 © explain the anomalous sign of the thermoelectric power

B ' observed in MCMRE:%° Since excess oxygen and divalent
doping ions give rise to holes in the crystal, the thermoelec-
135727 (1+X)Y3 tric power should be positive. However, in Ref. 10 it was
gpt:—' (10 established that fox<<0.17, when the crystal is in an insu-
32m2e?uf(X) 17, y

lating state, the low-temperature thermoelectric power is
where the effective permittivity/, corresponding to the negative, i.e. its sign is anomalous. As temperature increases,
mixed phase separation, the thermoelectric power changes sign to the normal sign.
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If phase separation does indeed occur at low tempera- ®

tures, then the integrated thermoelectric power is determined G=TX In( 1—9X4 7q) ) (19

by that of the insulatingmore accurately, semiconducting

phase. If the conductivity is intrinsic, then the thermoelec- The magnon frequencies in the AF and FM phases are given
tric power can be both positive and negative, depending oRY the expression@he derivation of the latter is presented in
the sign of the charge carriers ¢r h) making the dominant Ref. 3, respectively,

contribution to
@ we=|[V1-v, J=15%
aeae—l— an0nh
a=——-. (13 1 .
oot oy Ye=7 2 eXig-A), (16)
Therefore, it can be negative if conduction electrons domi- .
nate. E_ d de__?
. . =(—=|J+I®A-vyy), == f, @@
At high temperatures, the state with separated phases 0g=( 1 N(1=79) ZSN2 Yk (17

melts, and all holes previously locked inside the FM phas?/vheref is the fermion distribution function ak=0
become distributed uniformly throughout the crystal. For this Wekshall examine the cash./S<T<Te whére the

reason, the high-temperature thermoelectric power is posiépin-wave approximation is still applicable,3& 1. The fol-

tive. . lowing estimate for the free energy of AS magnons is ob-
The temperature dependence of the thermoelectric POWEL:nad from Eqgs(15) and (16):

should be reproducible under conditions of thermodynami-

cally equilibrium phase separation. Proceeding from this sce-

nario and from the experimental fact that the thermoelectric

power is reproducible, phase separation in lanthanum mal

ganites should be thermodynamically equilibrium. .
Finally, phase separation leads to one possible channg‘?|IS replaced by ‘qde_!‘”)i .

for colossal magnetoresistance in these materials. It follows .Mqreolver, a contribution proportional to the entropy of

from the results obtained above that if the FM phase is théed|str|but|or_1 .OfNO oxygen atoms oveNr= .N/(1+X) unit

minor phase, then it can become the major phase under tr lls, comprising the FM phase, appears in the temperature-

action of a magnetic field. Indeed, according to Ex®), the ependent part of the free energy:

parameteX decreases as the field increases. As follows from  Fo=TNg{vg In vo+(1—ve)In(1—vp)},

Eq. (10), the drop size increases Xsdecreases. Therefore,

according to Eq(12), the volume of a FM drop increases as :N_O (19)

the field intensifies. From the same equation it follows that O Ng

the total volume of the FM phase also increases with the, .\ aver it is of the order oNg/N<1 compared with the

field. For this reason, at some critical value of the field themagnon free energy and therefore has virtually no effect on

ferromagnetic drops come into contact with one another ang},, computational results.
percolation of thes-electron liquid occurs. , At low temperatures the temperature-dependent part of
An alternative to percolation could be a jump-like tran- e free energy can be treated as a small correction to the

sition out of the phas.e-se_parated into a uniform highly'ground-state energy, and then, sirgis minimum for X
copdugtmg sta.te. The fleld—lpduced transition from the insu-_ X(0), we findthat the total free energy of the systdn
lating into a highly-conducting state can be regarded as @EﬁFmﬂL Fo is minimum when

manifestation of colossal magnetoresistance.

GA=TN Inﬂ—i (18
T 12/

r]I:he free energy of FM magnons differs from Ef8) in that

d(F . +Fg)/dX|y—
X(T)=X(0)— (Fmt+Fo)/dX|x X0

3. TRANSITION FROM AN INSULATING TO A HIGHLY- dzEt/dX2|X:x(0)
CONDUCTING STATE AS TEMPERATURE INCREASES )
Taking of Egs.(14) and (18) we have

We shall now investigate phase separation at finite tem-
peratures. Only the spin-wave region is studied, ardl dFm: TN [1“” 9]
interaction is assumed to correspond to double exchange. To dX (1+X)2{ J%n)(1+X)—1J| ]’
carry out this program, taking account of the strong degen-
eracy of the fermion gas the free energigs andF o of the N=No+Np. (22)

magnons and excess oxygen atoms must be added to th¢ writing down Eq.(21) we took account of the fact that
energyE;. The magnon energy can be represented in thgecause the charge-carrier density is relatively low we can

(20)

form set in Eq.(17) v,~=1 and that the carrier density in the FM
XGA(T) G(T) regions is X times greater than the average value in the
FIqT)= (14)  crystal.

1+x 1+x In summary, for given parameters of the system, its be-

where the index de means double exchange. havior with increasing temperature is determinedX(Q),
The free magnon energy in both the AF sta®"f and  which can found by means of numerical calculations, and
the FM state GF) is given by the expression Eqg. (12) can be used for ball-park estimates. Then it follows
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from Egs.(12) and(21) that the sign ofiF,,/dX in Eq. (21) temperature increases further, when the two-phase state
does not depend on the carrier density and generally speakfeaks down, the crystal should once again become highly
ing can be both positive and negative. conducting.

If dF,,/dX is positive, thenX decreases with tempera- This work was supported by Grant 97-10082 from
ture. Therefore the size of the FM part of the crystal in-the Ministry of Science of the Russian Federation and Grant
creases with temperature. According to Ef)), the size ofa  98-02-16148 from the Russian Fund for Fundamental Re-
FM drop increases aX decreases. An increase Wt andR  search.
simultaneously can result in the appearance of contacts be-
tween drops, i.e., temperature-induced percolation of FM or-

dering and an eIGTCtrO.mC liquid. In. .Other words_, a nsfe n IE, L. Nagaev, JETP Lettl6, 394(1972; V. A. Kashin and EL. Nagaev,
temperature can give rise to a transition from an.msula.tmg 10 7. Esp. Teor. Fiz66, 2105(1974 [Sov. Phys. JETRY, 1036(1974].
a highly conducting state without phase separation being de2Eg. L. Nagaev, Physica €22, 324 (1994.
stroyed, and only with a radical change in the topology of theE. L. Nagaev,Physics of Magnetic Semiconductdis Russiar, Nauka,
: : ; . ; Moscow, 1979.
two-phase state. S!multaneously with th!s tranS|t|on, the sign,z " Nagaev, Usp. Fiz. Nauk65, 529 (1995,
of the thermoele.c'trlc power can change: If it was ar?(')ma.lousoE. Wollan and W. Koehler, Phys. Re¥00, 545 (1955.
before the transitiorisee Sec. B then after the transition it °R. Kremer, E. Sigmund, and V. Hizhnyakov, Z. Phys8& 319 (1992);
can become normal, corresponding to holes as the majorit)gZE- Ehsl\/ls- Bl t69(1§93>N K66 833(1996
. . . . L. Nagaev, Usp. Fiz. Nau .

charge carriers in manganites. _ 8P, De Gennes, Phys. Rel18 1, 141(1960.

However, if dF,,/dX is negative andX(T) increases 9r. mahendiran, S. Tiwary, A. Raychaudhued al, Phys. Rev. B54,
with temperature, then the volume of the FM part of the R9604(1996.
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crystal decreases, while the volume of the AF part increases.A- Asamitsu, Y. Moritomo, and Y. Tokura, Phys. Rev. 8, R2952
Therefore if the crystal was initially in a highly-conducting

two-phase state, it can switch into an insulating state. AgSranslated by M. E. Alferieff
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The magnetic and electrical properties and the temperature dependence of these properties of

cobalt films prepared at high condensation rates’110° A/s) are investigated.

Incremented annealing reveals several nonequilibrium states of cobalt in transition from the as-
prepared metastable structure to the ordinary hcp structure. The anomalies of the properties

are analyzed from the standpoint of the nanocrystalline state of the samples. Model concepts of
microcluster formations in the investigated films are also discussedl998 American

Institute of Physicg.S1063-783#08)02411-3

Magnetic materials having a nanocrystalline structurecondition for the preparation of nanocrystalline systems is
are of major interest for several reasons. First, the size of thabrupt supercooling of the vapbour technology is found to
elementary structural formatior(fom two to several hun- be efficient. The technological process essentially entails the
dred atomsis several times smaller than the dimensions ofproduction of a plasma between a water-cooled anode and a
the crystallites in ordinary polycrystalline films. Second, sputtered target of pure cobalt by discharging a high-
nanocrystalline systems do not constitute a macroscopic sysapacitance bank of capacitors in the vapor of the sputtered
tem, i.e., the parameters of nanoformations are not a mondarget. An initial small quantity of vapor is created by pre-
tonic function of the number of atoms in them. The param-iminary laser evaporation of the target. In the main stage of
eters undergo the most abrupt changes in passage through the process an LTI-207 solid-state laser partially evaporates
so-called “magic numbers,” which increases the probabilitythe cathode to create a medium for the passage of an electric
of the generation of nanoformations having a strictly defineccurrent. Each evaporated atom is ionized in the discharge
number of atoms. The latter feature dramatically increaseplasma, i.e., generates one electron and one ion. The result-
the accuracy and selectivity of instruments utilizing theseing target atoms bombard the material to be evaporated,
materials and thereby expands the area of their practical afnocking out a new batch of atoms. The sputtering process
plication. Third, the structure and properties of nanosystemsontinues for a period exceeding the duration of the laser
differ from those of solids, and in our opinion their investi- pulse by three or four orders of magnitude.
gation is far from complet&:3 The method is novel in that one can select the direction

Many properties of microclusters have been studiedbf maximum dispersion of the crystal structure at ultrahigh
fairly extensively to date, but the preparation of film materi- condensation rates, when the number of new nucleation cen-
als having a nanocrystalline structure is usually discusseters is so large that the radius of the critical nucleation center
only in the hypothetical realm. On the one hand, the predicis the same as the radius of coalescehE#ms prepared by
tion of the properties of such films is highly problematical, this method are continuous, beginning with a thickness of
because interactions of microclusters with the substrate antD—15A, and comprise a set of nanocrystallites of approxi-
with each other begin to play a major role in this case, andnately equal diameter. These data have been established
these phenomena have received little attention; on the othdérom electrical resistivity measurements and from measure-
hand, the technologies used to prepare free-standing microaents in high-resolution tunneling and transmission electron
clusters(specifically low-energy cluster beam deposition, ormicroscopes. The electron diffraction pattern appears as
LECBD) are ineffective in film preparatich. a diffuse halo typical of amorphous and nanocrystalline

The objective of the present study is to investigate thematerials.
influence of the preparation conditions and the anneal time
and temperature on the structure and properties of cobalt
films prepared by pulsed plasma depositi®PD?® in a 2 EXPERIMENTAL RESULTS

vacuum of~10"°Torr. The electrical and magnetic properties of the prepared
samples have been subjected to temperature analyses. Figure
1 shows the thickness dependence of the electrical resistivity
p(d) of a cobalt film obtained during deposition. Three dis-

A distinctive feature of the usable vacuum depositiontinct intervals are visible on this curve. In the first inter(al
method is a high pulsed condensation raexceeding a thicknessl;<15A) we observed a sharp decrease idue
10° A/s) at a pulse duratior-10™ 4 s with a condensate cool- to the transition from an island structure to a continuous film.
ing rate of the order of fK/s. Inasmuch as a necessary This behavior of the curve confirms the continuity of the film

1. TECHNOLOGY AND SAMPLES

1063-7834/98/40(11)/6/$15.00 1878 © 1998 American Institute of Physics
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1 TABLE I. Dependence of the ratio of the electrical resistivities at room
6. temperature and liquid-nitrogen temperature on the thickness of a Co film.
7h
: Film thickness, A Paoo k! P77k
1
- 70. 1.01
E ? 120. 1.015
G 0% _{, 300. 1.03
= -'i
- rule, cease at,,~ . The opposite behavior of the
+ R | T ,~670—675K. The opposite beh f th
L }%b R(T,) is characteristic of metals, i.e., is linear. The total
w0’ ‘0:--0----'0--——-01---0-- resistivity drops by a factor of 1/5 to 1/15, depending on the
] 100 200 300 sample thickness, and is irreversible.
d,i It is natural to assume that this behavior is associated
with temperature-induced transformation of the nonequilib-
FIG. 1. Electrical resistivity versus thickness of a Co film. rium structure of the samples. The influence of temperature

on the resistivity was subsequently determined by a series of

beginning with a monolayer consisting of nanocrystallites Inanneals. A large number of films was subjected to incre-
g 9 Y g M " " 'mented annealing at various temperaturgg)(in the range

et Clerent 1o o benavior, e tan o denieg/oM 380K to 850K in a vacuum of 16 Tor. The anned
with the dependence of the effectivé mean free path of elect—ime at each fixed temperature was 1h. Figure 2b shows the
trons on thgsam le thickness. i.e. the relatieL. p(where resistivity of a Co film deposited on a glass substrate as a
L is the mean frge altholds {n.tr;,e ven thicknqess range function of the anneal temperature. It is evident from this

a . cep g . range. figure that in the as-prepared statds more than 20 times
Finally, in the third interval £60A) p is essentially inde- L

. the resistivity of bulk Co and decreases by almost one half at

pendent ofd. The value ol can be roughly estimated from

this dependence and for the given sample-80— 70 A. T, =450 K. With a further increase ifi,, in the temperature

Preliminary studies have also shown that in the initial!merval 500650 K p decreases te 1244} -cm. This value

state the temperature coefficient of the resistafic@R) of Is characteristic of poncrysta!Ilne cpbalt films. ' .
. . DI The TCR has also been investigated on Co films in the
the samples is close to zero, and their resistipitis high,

exceeding by more than an order of magnitude the value of temperature range 300—77 K. The results are summarized in
ing by . ' 9 Y& O Table I. These data show that the resistivity depends weakly
for ordinary polycrystalline cobalt films.

Figure 2a shows the characteristic temperature de er?—n the thickness and temperature over a wide range of thick-
denceg of the resistivityR(T,). A Co film oﬁ‘ thicknessp nesses. Control measurements to helium temperatures give
d=750 A deposited on Iasg-.ceramic was used in the ivethe same values of the TRC. These experiments indicate that
situation ’Thg tem eratL?re curve exhi’bits a complex beghav{—he character of the carriers does not change and that the
. I The temper: acomp .~ variation of the resistance is associated with structural trans-
ior. During initial heating, we observe a slight increaserin formation

up toa temperatureASO K an(_:l t.h?n’ ay.” increases, two The témperature dependence of the magnetizatigh (
rather sudden drops n the resistivity, which are separaf[ed bé(nd the coercive force has also been investigated. In the as-
a short temp‘?"’?“%re |ntervéﬂ§20—600|_<) where!n R stabi- prepared state the films are magnetic, with the magnetization
lizes. The resistivity drops differ for different films, but are measured af=300K — approximately 800G, which is
essentially independent of the initiation temperature and, as Auch lower than the magnetization of bulk Co’The degree

of stability of this equilibrium state of cobalt could be deter-

~~op— mined from temperature analyses during both the preparation
PN \\ and the annealing of the films.
N 1% Figure 3 shows the results of such measurements for
5ol X 9 . _
W\ films prepared at various temperatures and on various sub-
N \\\\ . 5 strates. The substrates were changed to test the influence of
G “o.._o.\ \*" a G their crystalline nature on the magnetic state of the prepared
o/l o N\ dsp 3= films. It is evident from Fig. 3 that films obtained at room
‘b — = QQ temperature are magnetic, but their magnetization is much
i //—r’ lower than that of pure cobalt. An increase in the substrate
ok - T b ) heating temperature during preparation lowered the value of
- O oe - I s on glass substrates, caused it to vanish altogether on MgO
TSRO N WU TR SO N WO W S '/ substrates, and reduced it almost to zero on mica substrates.
300 400 T 5% 600 Raising the substrate temperature above 500 K increased the
nslan?

saturation magnetization, and 8;=570K the magnetiza-
FIG. 2. Variations of the electrical resistanBeduring heating@ and the  tion of the _films corresponded to the value lqf fo_r bulk
electrical resistivityp during annealingb). polycrystalline cobalt. The very complex behavior of the
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" 2 \: ,’ ! FIG. 5. Influence of high-temperature annealing on the coercive force of a
1 ~4 ,' Co film prepared by pulsed plasma deposition on a glass substrate at room
‘\ 3 ,l temperature.
o) /
0 Teeop=0] ) L1
500 “0 5'0(0 600 ture both as the condensate is formed during growth and as it
n? is modified during annealing:) IThe film is ferromagnetic,

FIG. 3. Influence of substrate temperature during preparation on the ma&gu'[ the saturation magnetization is apprOXimately one third
netization I of cobalt films deposited on various substratés:glass;  the value in bulk samples; Zhe magnetization of the film is
2) MgO single crystals3) mica. lower than in the first state or is even close to zerpth&
film has the magnetization of bulk cobalt.
o ) The coercive force of the investigated films also exhibits
magnetization is evidence of complex structural transformaz strong temperature dependence. It is evident from Fig. 5

tions in the samples under the influence of temperature.  h¢ the variations oF, take place in the same temperature
Anomalies in the behavior of the saturation magnetizajyiervals as in the case of and|
.

tion as the substrate heating temperature is varied during film

preparation hav_e been determlned from an analysis of thg' DISCUSSION OF THE RESULTS

curve representinty as a function of the anneal temperature _

for a specially selected sample of nonequilibrium cobalt. The ~ The reported experimental measurements of the mag-
film in the as-prepared state had a magnetization of 850 @)etic and electrical properties demonstrate their extraordi-
which is much lower in absolute value than the magnetizahary behavior both in the as-prepared state and under the
tion of bulk Co. The film was annealed incrementally in influence of temperature. On the whole, the anomalies of

50-K steps for one hour at each fixed temperature in &0th the magnetic and the electrical properties are associated
vacuum of 10°Torr. The results of the experiment are With the same temperature intervals, and the facts of their

shown in Fig. 4. It is evident from this figure tha§ de-  temperature dependence and irreversibility attest to structural
creases almost to zero as, is increased approximately to Phase transformations. As shown above, in the as-prepared
500 K. A further increase in the temperature causes the magtate the structure is associated with the ultradisperse state
netization to increase almost to the characteristic value fognd comprises a set of microclusters having a diameter of
bulk Co (1460 K). 20-30A. The electron diffraction patterns recorded from
An analysis of the measurements of the magnetic propsamples in the as-prepared state show a diffuse halo typical
erties has shown that a Co film prepared in the presence &f the amorphous or ultradisperse stafég. 63. Conse-
ultrafast condensation has a minimum of three differenguently, the sum-total of our structural measurements along

states, depending on the degree of influence of the temper#ith the measured magnetic and electrical properties show
that the as-prepared films exist in a nonequilibrium state and

have a microcluster structure.
1.5} The current literature contains abundant descriptions of
OO —— ol preparation techniques the properties of microclusters of
3d metals as well as films having a microcluster strucfafe.
More often than not cluster technology is largely associated
with the application of cluster beams, which are the simplest
to create in the case of a freely flowing gas or vapor by
sputtering in vacuum. In this case the cluster emerges as an
intermediate phase between the gaseous and condensed
states. Clusters are efficiently generated under nonequilib-
P B S rium conditions by converting the gas or vapor into clusters.
All cluster generation methods are based on vapor formation,
i.e., they utilize the phenomenon of cluster formation from

FIG. 4. Influence of high-temperature annealing on the saturation magnetﬁUpersaturat§d vapor as a reSU“.Of its expansion in a low-
zation of a Co film. pressure regiorivacuun). The cooling of the vapor-plasma
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FIG. 6. Results of electron microscope analysis of
Co films subjected to various heat treatments.
a) Film as prepared at room temperature; b—d
after anneals at: )b400K; ¢ 480K; d 650K.
Magnification in the photomicrograph fragments:
X 20 000.

mixture during expansion leads to the formation of clustersefficiency of the vapor-plasma mixture is maintained by an
Consequently, the most efficient method for the generatiompplied electric field of 500 V.
of cluster beams is laser evaporation, owing to the high spe- Microclusters(including those in filmsare preserved if
cific surface temperature involvéd. they are separated or exist in a special closed statén the
The sample preparation technology used by us mainlgase of fullerenes or fullerenelike formatignSince a high
has the same attributes as those described in the literatuspecific surface and high reactivity are distinguishing fea-
and used extensively for the production of cluster beamstures of clusters, microclusters can be contained in a shell of
However, when films prepared by these technologies arearbon or nitrogen atoms inherent in a residual vacuum at-
built up from low-energy cluster beantseutral or unaccel- mosphere.
erated, they are similar to ordinary films grown by thermal To test this hypothesis, we have used Auger electron
evaporation. In this case, since the beam has low erllggy  spectroscopy to analyze the chemical composition of cobalt
than 1eV/atomn a cluster sticks to the grown film, and its films prepared by PPD. Figure 7 shows the Auger profile of
atoms spread out over the surfdde.our case a high-energy the depthwise distribution of elements in the sample. The
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phous. Heating to 400K already produces reflections of the
newly formed phase against the background of halo rings
(Fig. 6b. It is important to note that the positions of these
reflections is confined to the width of the halo rings. Anneal-
ing at a temperature of 450—475K produces a specific elec-
tron diffraction pattern of single-crystal reflectio(fsig. 60.

The displayed diffraction pattern is one of three typical pat-
terns obtained with dendrites of different configurations and
crystallographic orientations. A series of such diffraction pat-
terns has enabled us to calculate the possible structural type

C,at. %

¢ of the microclusters. The microstructure of the films is a
0 network of dendritegFig. 69 growing out from the crystal-
o ey lization centers. The crystallization itself exhibits all the
o 4 8t min12 % 1 signs of an explosive process. Finally, after annealing at
2’

600—650K the electron diffraction pattern has a series of
FIG. 7. Auger spectrum of the distribution of elements along the depth of a[ings typical of th Co. The photomicrograph in this case
sample. Inset: panoramic spectrum of the film surface after layer-profilingghows that the nonequilibrium dendritic structure has disin-
analysis. tegrated, and the film is now becoming polycrystalline
(Fig. 60.
In several earlier papers we have already investigated the
results of estimating the element concentrations with allowpossible structural type of newly formed microclusters-A
ance for the element sensitivity factors are shown in Tafilm in the as-prepared state consists of a highly disordered
ble Il. The data in the second row of the table have beerystem of microclusters classified as one of the stable nano-
obtained for a sample previously etched with an"Aon  structures. It has been substantiated theoretically and experi-
beam to the entire measurement depth. mentally that the most stable structures in the range of di-
The results of this investigation reveal an extraordinarilymensions<30 A are the octahedron and the cuboctahedron.
high carbon conterfimore than 30 at. %in the film. In con-  The rigorous description of the stable structure of certain
ventional thermal methods of film preparation in a vacuummetal clusters yields the well-known jellium model, or shell
of the order of 106T0rr the carbon content does not eXCGedmodeh?' where metal clusters are regarded as giant macroat-
3-4at.%, and the oxygen content is approximately fouloms with electron energy levels that exhibit a shell structure.
times higher than in our case. Such a high C content iBecause of its high reactivity, such a system can in orderly
clearly associated with the specifics of the PPD method. Weashion incorporate carbon atoms, which can reside inside
can assume that carbon ions are trapped both during the traghe cluster and also form outer shells. Corroboration for this
sit time of atoms of the deposited material to the substrate bkind of model can be found in the high carbon concentration
virtue of the high degree of ionization of the vapor and alsoactually encountered in our films and in data on the structure
during condensate formation as a result of the long spacingf capsulated @ metals®’
between deposition pulses. If we assume that the octahedron is the smallest block in
Proceeding from the sum-total of data on the magneti¢y cuboctahedron and take account of the fact that some of the
and electrical properties and from structural and spectratarbon atoms in the system form a carbide configuration, we
measurements, we can assume that the resulting condensatg then understand the reduced magnetization, high resis-
comprises cobalt clusters surrounded by a kind of carboivity, zero TCR, and other physical properties of Co films.
“overcoat.” A substantial transformation of the electron The initial anneal leads to structural quasiordering of the
structure can be expected in such structural formations, connitially disordered system of microclusters. The possible
ducive to variations of the magnetization and other propertype of crystallization is the previously observé® and
ties. theoretically calculated ‘“quasimelting” mechanism, when
Figure 6 shows electron diffraction patterns with insetsthe structural blocks, or microclusters, ostensibly rotate
of fragments of photomicrographs of cobalt films subjectedahout one another under the influence of not too high tem-
to various degrees of heat treatment. Figure 6a shows aferatures of 450—-470 K, forming long, drawn-out dendrites.
electron diffraction pattern of the original film as preparedThis process occurs within short time periods and resembles
without preheating of the substrate. The film is x-ray amor-explosive crystallization. “Building blocks'{microclusters
of these dendrites are genetically assimilated into the initial
condensates. This ordering process promotes a further reduc-
TABLE II. _E_I(_ament concentrations, calculated with allowancg for the ele- tion in the magnetization and in some cases causes it to dis-
ziﬂ;nzegsg\ggp:ﬁcé?risg }t&he as-prepared surface and afteridr-beam appear aItogethe(rFig.' 3, and at the same time i'g has the
effect of almost doubling the electrical conductivifigs. 2a
Surface S cl A C N O Co Na and?2h.
Asprepared 0004 0023 - 0235 - 0316 0422 - After high-temperature(above_ _55_0—600}( anneal_ing
After Ar* etch - — 0005 0304 - 0009 0680 - the film structure relaxes to equilibrium, accompanied by
disintegration of the microcluster system, and the saturation
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magnetization increases to the value inherent in bulk cobalt®G. I. Frolov, V. S. Zhigalov, S. M. Zharkov, and I. R. Yarullin, Fiz. Tverd.

Now the film also exhibits all the electrical properties similar Tela (St. Petersburg36, 970(1994 [Phys. Solid Stat@6, 526 (1994].
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The magnetoelastic contributialiC s to the effective third-order elastic constais), is

determined; it describes the additional elastic anharmonicity induced by nonlinear spin-spin and
spin-phonon interactions in ferromagnets. In the vicinity of magnetoacoustic resonance,

this anharmonicity can be manifested in three-frequency elastic wave interactions, producing
magnetoacoustic mode-frequency transformation effects. It is shown that these effects are
magnified in resonance as the result of a huge incréasseveral orders of magnitudim

the dynamic elastic Constan&ff:(g). Quantitative estimates are obtained for yttrium iron garnet.

© 1998 American Institute of PhysidsS1063-783#8)02511-9

The existence of coupled magnetoelastic modes in ferrot. EQUATIONS OF MOTION
magnets and antiferromagnets alters their elastic constants.

These changes are described by the dynamic magnetoelastic We C(.)ns.|der an glasuc d|splaceme_(rn1) wave a”?"
contribution AG to the effective elastic constan@—s G’ coupled with it, oscillations of the magnetizatign(per unit
N N ) i i “mas$ in a ferromagnet magnetized to saturatidp] = u,
=C+AC and are manifested in various magnetoacoustic_ oqnst. We adopt Lagrangian coordinatgsas our inde-

-11 . .
phenomena:*" In particular, the Faraday and Voidbr  pendent variables. In this case the equations of motion have
Cotton—Mouton effects are associated with the second-ordekne formi2:13

constantsAé(Z) (Refs. 3,6, and B and various nonlinear

effects such as stimulated Raman scattering and acoustic #i=— YLs-HT;, ()
second-harmonic generation are associated with the third- _

~ . _[?le (9Hn day
order constantd C s (Refs. 1,2,7,9-11 pou‘__&ak +p°’u”_¢9ak x 2

The dynamic constantdC in an antiferromagnet are
caused by oscillations of the antiferromagnetism vettor
Intersublattice exchange interaction enhances the magnet
elastic coupling of these oscillations with elastic strains, in-

ducing giant anharmonicityA C 3y~ (10°— 10*)C 3. F 9 aF

Here y is the magnetomechanical ratjeg is the mass den-
§ity before deformationH®" and 7, are the effective mag-
netic field and the Piola—Kirchoff stress tensor,

ef __ e
Exchange enhancement does not occur in a ferromagnet. Hi'=Hy Ay + das d(duloag)’ 3
However, strong magnon-phonon coupling can occur in
them as a result of magnetoacoustic resonance, which is ob- - dF Ix; (4
served at a wave frequenay~ wg, wherewg is the natural 1k poankp da,’

frequency of spin oscillations. . . _F is the potential energy per unit mass of the ferromagnget,
We note that the resonance excitation of spin modes i§, ias the Eulerian coordinate=Ho+ h; , HC is the in-
) I (] ]

|mpeded in an antlferromagnet,- because .the antlferromaq-emal field,h is the magnetostatic field, which is defined by
netic resonance frequeney,eyr iS much higher than the the equations

frequency apwr>w) Of acoustic waves used in experi-

ments. curl h=0, divih+4mpu)=0, 5)
In _th|s paper we investigate nonlm_eqr_ interactions Ofp%po(l— i) is the mass density after deformation, is

acoustic waves in a ferromagnet in the vicinity of magnetoaine strain tensor

coustic resonance, where spin modes participating in spin- '

spin and spin-phonon interactions generate additional elastic ~ 7ik= (Uik + Uxi + UisUks) /2, (6)

anharmonicity. The values of the anharmonic CO”Sta”tﬁik=auk/aai is the distortion tensor, angd=x;—a; .

AC3) at resonance can be several orders of magnitude The magnetostatic equatiofs) are written in Eulerian
greater than the lattice nonlinearity of the crystal, therebycoordinates. They can be transformed to Lagrangian coordi-
ensuring the experimental observability of nonlinear magnenates by the substitution

toacoustic phenomena, for example, the magnetoelastic gen-

eration of the second harmonic of traveling acoustic i:’?ak J da

K s — U )
waves? 11 ax, ox; da’ ax; K K

1063-7834/98/40(11)/5/$15.00 1884 © 1998 American Institute of Physics
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We consider magnetoelastic waves propagating in on
direction. According to Eqgs(5) and (7), the magnetostatic
field h generated by these waves is

hi=—4mpninu = —4mponiNiui(1— 759 (8)

Heren is the unit vector in the direction of wave propaga-
tion.

Looking at nonlinear magnetoelastic interactions, we

write the potential energyoF per unit volume of the crystal
in the form

poF = poF (0) + Kijj @) + Ky aarjaar + bijj 71 ey
1 1
+ 5 Cijia 7ij M+ gCijk|mn7Iij Mkl Tmn -
€)
In Eq. (9) aj=pui/uo, Kjj andKj;,, are the magnetic anisot-

ropy constantsh;;,; are the magnetoelastic constantg,are
the inhomogeneous exchange constants, &hg, and

dag dag
] 3, (?a]

Cijkimn are the second-order and third-order elastic constants.

2. AMPLITUDES OF COUPLED MODES

I. F. Mirsaev 1885

e 12

Mo

1

XByu™ Kgyur— Exﬁvaw @

2
Bklﬂ?’:M_O(bklﬁY_ ZWMSan75k|),

BkI,B:Bklﬁyagu V=2 /My. (11

Spontaneous statistical straing~ M, which lead to insig-
nificant renormalization of the magnetic anisotropy con-
stants, are ignored in Eqg€L0).

We assume that; and 7 vary according to the law
expli(k-a— wt}, wherew andk are the frequency and wave
vector of the magnetoelastic mode. Using expressib@sin
Egs.(1), in the linear approximation we obtain

ﬂy 7: l’ il 2’ il
whereHT= — By, 7, is the effective magnetoelastic field,
agi Is the magnetoelastic coupling tensor,

=—Lg(@)H ag(w) 7y, 12

aﬁk|(w) = Lﬁy(w)Bkl'yv

We now turn our attention to determining the magneto-

elastic coupling between the spin and elastic wave ampli
tudes. A practical approach is to assign= aiO+Zri to a
primed coordinate systerflag} (8, v, u=1',2',3"), in
which the third axisas is parallel to the equilibrium magne-
tization uy. Herea; is the deviation of the direction cosines
from the equilibrium values:?. In this coordinate system
aly= 5421, _and"ciﬁ=QKﬁZrk (and, converselyz_yk=QkBEﬁ),
whereQy; is the rotation matrix corresponding to the coor-

dinate transformation. From the conditif| = | uo| = 1o We
deduce the relatiob}3/— (a?,+a5,)/2, which permits the
quantitiesa;, and a,, to be adopted as independent vari-
ables.

Using Eq.(9) in the expression for the effective fiekf'
(3) and limiting the result to the quadratic approximation, we
obtain
Fef= AL+ [Nt

Hef= H8f+ﬁef,

2
ef 0 0 _ 0y O
Hog=Hpg —MO(KBY-I—ZKﬁW,,a#aV)ay,
o~
Jd CY'B

K Jdaday '

L ~
Hg=—Xpy@y = Bupgmatv

HEL:_Xﬁwayaﬂ_Bklyﬂnklay’ (10)

whereH® is the static part, anH- andHN" are the dynamic
parts of the effective field evaluated in the linda) and
nonlinear(NL) approximationsM y= pou is the magnetiza-

tion per unit volume;y and 3 are tensors that take into

Li1=7"D(@)hyyr,  Loo=y"D(w)hyzr,
Lior=yD(@)(yhyp —iw),
- Lyy=L5,=yD(w)(yhyp tiw). (13
Here we have introduced the notation
hyr = H03,+X2,2,+quk Kg
h2,2,=H§3,+X1,1,+qukpkq,
hi2=hy1==x12, D(w)=[w’~wik)]
w3(k)= 7’2(h1'1'h2/2/_hir2r)a (14

where wg is the natural frequency of the spin mode, and
D(w) is a factor characterizing the resonance nature of the
interaction of spin and elastic waves.

In the investigation of nonlinear magnetoacoustic phe-
nomena it is necessary to know the nonlinear dependence of
@ on 7. It can be determined by successive approxima-
tions, using the linear magnetoelastic couplii®) in the
nonlinear part of the effective field"" (10). In this approxi-
mation

=—Lg(w)(Hy(w)),, (15)

whereH[5(w) is the Fourier representation of the effective
magnetoelastic field,

AL

due to nonlinear spin-spin and spin-phonon interactions. Ac-
cording to Egs(10), we have

(Hme Y=

Hie=HN-— (16)

37

L~ L
~Xyurlsas Bkl,u«ﬂ]klay,i

account the renormalization of the anisotropy and magneto-

elastic constants due to the magnetostatic fiel8),

2
Xﬁ,}, M (KB'}’+6K,B'Y/J«VQ o )+47TMOan,y,

1
— _ = 0
Xyuv™ Xypv Z(Xﬂﬁ67V+XVﬁ67M)aﬁ’

Ekluvz Bituy™ Bklﬂazéﬂy' (17)
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By virtue of the magnetoelastic coupliri@2) the field HYS 13
is a quadratic function of the strain tensor. ap=5 nzl (ag(wy)+c.c),
3. DYNAMIC SECOND-ORDER ELASTIC CONSTANTS Eﬁ(wn)z?&ﬁ;mexp{i(k(”)-a— o)},

The equations of motiofR) for the elastic displacement 13
u can be written as follows on the basis of E(®. and(8): U= ngl (Uj(wp)+c.c),

99i; (Mol ( k(M)
poUi=——", (18 Ui(wy) =u;Vexgli(k'"-a—wyt)}, (22)
j

wherek™ is the wave vector of the magnetoelastic mode at

whereoy; is the stress tensof.In the quadratic approxima-
the frequencyw,, .

tion : .
We first consider the three-frequency processes
1
7ij = Cijit Mma+ Cjpri MaUpi + ECijklmnﬂkmmn w1+ 0= w3, (23
1 for which the equations of motio(l8) acquire the form
+MoBjj garg+ 5 MoBjj g, @, . (19 ; Mig(@n)  dofiH(wp)
2 polli( @n) = CEl (@) —y——+ ———. (24)

oa; oa;
In the derivation of Eq(19) it has been assumed that the ! !

~ NL : ;
amplitude of the spin modgx| and the values of the elastic Hereaij (wn) is the nonlinear part of the tensor; , corre-
constantéﬁl satisfy the relations sponding to the frequenay, (n=1, 2, 3). Taking the mag-
netoelastic couplingl?), (15) and relation§22) into account

la|>|7|, |C|>4mM2. in Eqg. (19), we have

Using the magnetoelastic coupliri§j2) and the expres-
sion for 7 (6) in Eq. (19), we write the linear part of the
tensora in the form

1
O'i'\le(wl) = Eciejfklmn(wl s w3, — 0p) U (@3) U (@5),

NL ef *
L _ ~ef ef _ g (wy)==C: Wr,w3,— 0w U (wa)u% (wq),
ob=Cllyu, CEly=Cij+ACiq, ij (02)= 5 Cijamn(@2; 03, ~ 01) U (@3) U @1)

ACjji(w)=MgBjjgag(w)MolL g, (®)Bjj zByiy,  (20)

where Cf’jfkI is the tensor of effective second-order elastic
constants, and C;;, are the dynamic elastic constants in- W c
duced the by magnetoelastic interaction of spin and elastigOrlstan
waves whose amplitudes are related by B¢@).

Taking the explicit form of the tensors,, (13) into

1
oij(w3)= Eciejfklmn(w3 s 01, 02) U (01)Unp(02), (25

f’}fklmn(w3; w1, w,) are effective third-order elastic

ts describing the generation of magnetoelastic waves
with the sum frequencw;= w,+ w, as a result of the non-
linear interaction of pump waves with frequencies and

gccount, we can separate the symmesjand antisymmet- ;. The constants Cﬁfklmn(wl; w3, — ©) and
ric (a) parts of the tensoAC: Cllkimn(®w2; w3, — 1) describe the feedback effect of the
ACij :Acisjkl +Acﬁk| , generated wave on the pump waves.
s _ o The effective elastic constan@’ contain an elastic part
ACjjq=7"MoD(@)h4BijoBuig, and a magnetic part:

ACy = —iwyMoD()(Bjj1/By2r —Byi1/Bij2r),  (21) Ciejfklmn(wn J0p qu)éijklmn+ ACijumn(@n;@p,0q),

whereB, h, andD(w) are the quantities defined in Eq1)
and (14). (@) q a8y Cijkimn= CijkimnT Cijkmin * Cjmki%in T Cjkmnir »

ACijuimn(@n;0p,0q) = MOEijﬁyaﬁkl(wp)aymn(wq)
4. FREQUENCY MIXING EFFECTS . ~
) +Moagi (@ {2X apy@pki
A quadratic dependence of the stress tenrgpr(19) on

the distortion tensom,, corresponds to the lowest-order X (@p)aymn( @) + Biiap@pmn( @q)
elastic anharmonicity. This type of nonlinear dependence ~
leads to the mixing of acoustic frequenctésspecifically: +Bmnappu(@p)}- (26)

The interaction of two modes with frequencies and w, In Egs. (26) ACijkmn(®n; wp, wg) are the dynamic third-
results in the formation of nonlinear waves with combinationorder elastic constants induced by nonlinear interactions be-
frequenciesw; + w, or a doubled frequencya or 2w;.  tween magnetoelastic modes with frequencigs and
Each of these effects corresponds to a certain value of thgy, q=1, 2, 3). These frequencies satisfy the law of conser-
tensoro;; (19). To determine these values, we write the elas-ation of energy(23), i.e., wn=wp+ 4 (e.9., fore,= oy,

tic displacementu and the variablea; as sums of three according to(23), we have w,= w3 and wg—w, or w,
modes: =—w; andwg=wg).
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The elastic constantd Cjjim, are symmetric with re-  explicit form of such constantd Ciz33(20; o, ), calcu-
spect to permutation within each pair of indices and withlated for My(0,M?, Mg), are given in the Appendix. We
respect to the permutations note that in cubic crystal€;335=0 (i, k,1=1,2), so that
Ciaa=ACisaa -

The dynamic constantAC(g) depend strongly on the
=ACyr(—wp; — @y, 0q) direction of the magnetizatioM,, and this dependence is
manifested in the angular dependence\@;;35(0) (Al),
where ® is the angle between the vectdksand Mg. In

ACIJR(wn ;wp ,wq)ZACmJ(wn ;wq ,wp)

=AC)r(—wp;0q,— @y)

=ACRy(—wq;— @y, 0p) particular, all the componentsACizz3(0)=0 (i, Kk,
=1,2) fork||M|[(100), whereas foM L k[|{100) only the
=ACgy(— g wp,—wp). 27 o components\ Cg,, and AC 445 have nonzero values.
Herel —ij, J—kl, andR« mn are the indices in contracted Estimates for YIG with w/27~25 MHz, wd2n7
notation:1,J,R=1,2,...,6, 1-11, 2—22, 3-33, 4-23,32, =30 MHz, and®=5°, using data from Ref. 15 for the
5-13,31, 6-12,21. characteristics of YIG, show that in resonances€ w;,

So far we have discussed the three-frequency processedierew,=(C,a/po) Y is the natural frequency of the trans-
w1+ wy=w3. FOr processes; — w,=ws it is necessary to verse elastic modethe values of the elastic constants
change to the opposite sign of the frequenrsyin the ex- ACisxs(2w; w, w) (Al) attain huge values of the order of
pressions forefj"(w,) (25) and to allow for the fact that 10"N/m?: ACgss=5i, ACss=—2i, ACs5=4, AC,ss
Unn(— @2) =U% (@5). In the generation of waves with fre- =—6, ACys=2, andACyys=3i in units of 1G°N/m?. Far
quency doubling @+ w=2w) it is required to setw;=w, from resonancep=0.lws (w/27=30 MHz), the magni-
=w, wz=2w and to replace the factor 1/2 by 1/4 in the tude of the moduli decreases by one to three ordeGsss
expression fowfj"(2w). =2iX1072, ACgyy=—i, ACs5,=ACy55=—6, ACyyy
=—1, ACy45—5i X102 in units of 104 N/m?. At higher
spin-mode frequenciasg/27= 10w/27 =300 MHz the elas-
tic constantsAC 3, are of the order of 18- 10*N/m?,

Nonlinear spin-spin and spin-phonon interactions in ayhich are close to the values of the ordinary second-order
ferromagnet impart additional anharmonicity to the CryStal'elastic constanté(z).

The anharmonicity is reflected in nonlinear interactions of The giant elastic anharmonicity due to magnetoelastic

elastic waves and, as a result, magnetoacoustic effects thﬂteractions has been observed experimert&fiin a study

transform the.frequer\cy of these waves. I.n three-freq_uencxf the generation of second transverse acoustic harmonics in
processes of interaction of wave modes with frequeneies v\ |1 the magnetoacoustic resonance regians€ o

and w, nonlinear waves are generated with combination fre-_, _ MH?z) the nonlinear interaction parameterratio

quenciesws=w; = w, or a doubled frequencydd or 2w,. ¢ 1o effective third-order elastic constants to the constant

The contribution of magnetoelastic interactions to these prO'C44=8>< 10°N/m? increases by three orders of magnitude.

cesses is described by the dynamic third-order elastic con- ; . A
y y Consequently, the dynamic elastic constaAS 5 are

stantsAC(wg; w1, *w;) and AC(2w; w, ) (26), which - ‘magnified in the presence of magnetoacoustic resonance (
depend on the wave frequencies. This dependence eXthlléws); consequently, the efficiency of the nonlinear pro-

; ~ _ 2 2y—-1 . . . .
resonance  behavior, AC~D(wp)=(wy—®s) ~ (N cesses associated with these constants increases. The elastic
=1.2,3). Resonar:jce IS p((j)ssllble z:ttrt]heffrequenmesf (t)rf1 th(‘?onstants AC(3)(2w; w, w) describing second-harmonic
pump wavesw, and wp and aiso at the irequency ot the generation experience a particularly large increase. This ef-
generated wave;= w,* w;.

) ) R fect is attributable to the occurrence of “double resonance”
The values of the dynamic elastic constant ;) are

governed by the magnetoelastic coupling coefficiemig for them in the sense tha!é(3)(2a); @, ®)~D¥w)=(w”
 — w3 2 Th toelasti tion of tic har-
(13). Estimates for a spherical yttrium iron garn@fiG) ©s) © magnetoe/astic generation of acoustic har

. _ monics in connection with these elastic constants will be
sample show that in low-frequency magnetoacoustic reso-

nance (v = 10° Hz) these coefficients can attain V":lluesmvestigated in the second part of the present study.
T ws= In closing, we note that the strong dependence of the
of the order of 18—10% which in YIG correspond to 9 g cep

N elastic constants on the magnitude and direction of the mag-

AC(3)~1014.— 1015 N/m?. _ netic fieldH® (ws~H?, My||H®) opens the door to the pos-
The variation of the elastic constants as a result of magsjp|e application of an external magnetic field to control non-

netoelastic interactions is not reducible to simplg renormaltinear processes in ferromagnets.

ization of the constants, because the magneticfk@rbf the This work has been supported by the Russian Fund for

tensor of effective elastic constar®$’ can have additional Fundamental Resear¢Rroject No. 96-02-16489

components not found in nonmagnetic crystals. These com-

ponents of the tensoké(3) produce new nonlinear interac- APPENDIX A: DYNAMIC ELASTIC CONSTANTS

tions of acoustic ques. For example,_ the CqmponemiC,»33/3,,(2w,¢;>,w) i1.n=1.2 FOR CUBIC FERROMAGNETS

ACizaa@i(wn; wp, wg) (i, k, 1=1,2) appear in a cubic ferro-

magnet, describing interactions of transverse elastic waves For k||[(100]a; and My(0,M3, MJ) these constants

propagating along the edge of the culkg|(100) |a3). The  have the form

5. DISCUSSION OF THE RESULTS
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ACgs2w)=iw(yb,/M)?b,sin26 cos¥D,

X {2DD,w2Q,c0¢6+(D,—D;)Q,},

ACgui2w)=—i2w(yb,/Mg)?b,sind cos 20D,

X {2D,c08 [ (D,0,0%— Q3)cos29
—(Q1+4Q,)]-D,Q,c0s26},

ACss42w)=0.5yb,/Mg)?b,sin26D,{D,cos 26
X[4D,0,0 0208 0— (w?+ wd)]
—D,[2(Q3+40?)coS 0+ ((wi—2w?)
+20,05c086)cos24]},

AC 55 2w) = —(yb,/Mg)?b,sin26D,{D,cos 24
X[D10Q,Q 40208 0+ (wi—2w?)]
+D,cog6[Q1Q,c0s 20+ Q2 —2w?]},

AC 44 2w)=(vyb,/Mg)?b,sin 20 co$26D,

X {D1D,0,c0s 20(Q350 4+ 3w3Q3)
—D1(203- 0?) —4Dy(Q5+ )},

AC 4 2w)=iw(yb,y/My)2b,sing cos 20D,

X {2D;c0g 0] D,cos 20(Q3( w3+ 2w?)
+Q320,)+(Q;—20,)]-D,y[Q,c0s 20
+4(Q,+Q,)cog6]}. (A1)

Equationg/Al) are written without regard for the spatial
dispersion of spin wavesvE0). Hereb,=2b,s,5 is the
magnetoelastic constartt,is the angle between the vectdrs
and Mgy, D,=[(nw)?- 03]}, and ws=(Q,0Q,)*? is the
frequency of the spin mode, where

2K . .
Q,;=7y{Hy ag+ M—(1—25|r?20)+477Mosm20 ,
0

I. F. Mirsaev

|

QZZ’Y{H(J'QO-F MO 2

3K
Qz=v| 27My— IV cos29 |,
0

15K
Oy= 'y( 6mMg— —— cos2ﬁ) . (A2)

Mo

HereK is the magnetic anisotropy constant.
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An experimental study of the Hall effect and of magnetoresistance in polycrystalline

Lagy 67-xC€Srp 3MNO; samples x=0, 0.07) is reported. It is shown that the normal Hall

coefficient reverses sign a,=360 K in both samples and that metallic conduction occursTfor
<T,, while for T>T, the conduction is by mechanisms operative in disordered materials.

It has been established that doping with cerium brings about an increase in the metallic phase of
the normal and anomalous Hall coefficients. A qualitative interpretation of the observed

features is given. ©1998 American Institute of Physid$51063-783#8)02611-3

1. The active interest expressed presently in lanthanurtended for galvanomagnetic measurements were parallelepi-
manganites is stimulated by the colossal magnetoresistangeds measuring 203X0.9 mm. Magnetization curves were
(CMR) observed in these compounds near the Curie temmeasured in a vibration-reed magnetometer on plates, which,
peratureT, (see reviews Refs. 1 and).2The mechanism while being smaller, had the same side-to-length ratio, in a
responsible for the CMR remains, however, unclear. Valumagnetic field oriented as in the Hall-effect measurements.
able relevant information can be obtained by studying thélhe Curie temperature was determined potentiometrically in
Hall effect. The data published to date relate primarily tomagnetic fields of up to 15 kOe. The indium contacts used
thin-film sample$™® displaying a variety of featurés’ but  were deposited ultrasonically.
only our recent papéreports on a study of bulk, while poly- 3. The magnetization curves have a pattern typical of
crystalline samples. The features observed in the temperatuferromagnets and, fof <T. and in fieldsH=6 kOe, are
behavior of the normal Hall coefficient, as well as of electri-described by the relatioM =M+ yH. The values of the
cal resistivity and magnetoresistance, were attributed to apontaneous magnetizatidng and of the paraprocess sus-
temperature-induced shift of the mobility edge, which resultsceptibility y obtained in this way were subsequently used to
in a change in the number of delocalized carriers. It wasalculate the normaR,, and anomalougspontaneoys R,
posited that this mechanism of the change in conduction typelall coefficients. The Curie temperatures were found
in the vicinity of T, is a common feature for all heavily- to be 374 K for LggSrzMnO; and 369 K for
doped LaMnQ-based materials. Lag 6dCe.0751 3MN0O;.

The present work is a continuation of our investigation Figure 1 displays the temperature dependence of magne-
of galvanomagnetic effects in lanthanum manganitestoresistance MR=[R(H)—R(H=0)]/R(H=0), where
The magnetoresistance and Hall-effect measuremen® (H) is the resistance in a magnetic figtl The curves
were carried out on polycrystalline samples of thehave a pattern typical of polycrystalline heavily-doped lan-
Lag 67-xC&Sip 3aMNO5; manganitesX=0, 0.07); when com- thanum manganite samples. The absolute value of magne-
bined with our previousdata on Lg gBa 3qMNnO;, this per-  toresistance passes through a maximum at a temperature
mits one to isolate common features in the galvanomagnetity,r  slightly lower than T, (Tygr=360 K for
phenomena observed in lanthanum manganites, as well as @y 5,Sr 39MNO;, and Tur=358 K for
study the role of cerium as dopant. The latter is of a certainay gdCe 7S 3IMNO;3), with the position of the maximum
interest, because the effect of cerium doping on the magndseing independent of the field applied.
toresistancebut not on the Hall effe¢tof manganites was Figure 2 shows isotherms of the Hall resistivity,, for
investigated apparently only in Ref. 8. Lag e 0751 3MNO3; similar curves were also obtained for

2. Powders of nominal compositions d@Sry 3qMnO3  the cerium-free sample. In the ferromagnetic region, one ob-
and LaegleoShMNO;  were prepared by co- serves in weak fields a strong dependence.gf onH, and
precipitation from solutions.Polycrystalline samples were for H>6 kOe thep,,(H) relation becomes linear.
obtained by pressing the powders at room temperature at a In ferromagnet$y,,=RoB+ RsM, whereB is the mag-
pressure of & 10° kg/cn? with subsequent annealing in an netic field induction in a sample; in our case one may assume
oxygen flow at 1200 °C for 12 h. X-ray diffraction analysis B=H. Figure 3 plots temperature dependenceRpfierived
confirmed the samples to be single phase. The samples ifrom the py4 (H) isotherms and magnetization curves. The

1063-7834/98/40(11)/3/$15.00 1889 © 1998 American Institute of Physics
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FIG. 1. Temperature dependence of the magnetoresistancga)of
Lag6751.3MnO; and (b) Lag 6oy 0/Sh.sMN0O; in fields (kOe): 1—5, 4. Turning now to a discussion of the results, we notice
2—10, 3—15. first of all the slight changa T, of the Curie temperatur@y
only 5 K) induced by incorporation of 7% Ce. This is close
to the shift of the Curie temperature caused by doping
normal Hall coefficient reverses sign @,=360 K. For LageBa 3dMnO; with the same amount of trivalent yttrium,
T<T,, this coefficient is positive and temperature indepenWhereAT.=3 K,'® but an order of magnitude smaller than
dent within experimental error, while fof>T, a strong the change inT. resulting from introduction into a
temperature dependence is observed. BeTgwthe normal  Lag 6B 3gMnO; sample of 4% oxygen vacanci¥swhich,
Hall coefficient for the LggdC& oSl 3MNO; sample like cerium(see below, act as donors in lanthanum manga-
(4.8<10° 20 -cm/G exceeds the value oR, for the nites but, unlike cerium, are doubly charged. The reasons for
cerium-free sample (3:610°12Q-cm/G) by a factor 1.3. these differences iA T, remain unclear.

Figure 4 presents temperature dependences of the Note now the features in the temperature dependence of
anomalous Hall coefficient. In both casd,<0, and|R| magnetoresistance and Hall coefficients, which are observed
exceedgR,| by two to three orders of magnitude. Doping both in Lg gBag3MnO; (Ref. 7) and in Lg ¢Sl 3dMnOs
with cerium increaseRy|. At T~T, theR,(T) curves have and L& fCe 0:Slh3MNO;. Each sample is characterized,
minima, and the extremum for the cerium-doped sample idirst of all, by a temperatur@,<T, at which the normal Hall
more clearly pronounced. coefficient becomes zero; we may add that Tex T, this

coefficient is positive and practically temperature indepen-
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FIG. 2. Hall resistivity isotherms for lggdCey oSl MnO; at T(K): FIG. 4. Temperature dependence of the anomalous Hall coefficient in

1— 194,2—310,3—335,4—350,5—361, 6—370. (1) Lag 67515 3dMN0O; and (2) Lay dCey 7Sl 3dMNnO;.
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dent. SecondR, passes through a minimumBt=T,. Third, = Rg(T) relation for the cerium-doped sample is also a result
the absolute value of magnetoresistance reaches a maximusha decrease in hole concentration. Thus there are grounds
also practically atT,. The fact that all of the lanthanum to believe that the temperature dependence of the anomalous
manganites studied by us exhibit these features suggests thdall coefficient in the samples under study is accounted for,
their interpretation given in Ref. 7 as applied to in general terms, by that of the crystallite resistivity, at least
Lag ¢Bay3dMIN0O; is valid for all LaMnO;-based materials in the vicinity of the MI transition. Note that such correlation
with a high enough doping level. To wit, the temperaturedoes not, generally speaking, always hold for spatially inho-
To<T, is the metal-insulatotMl) transition point at which mogeneous system&.In our case the explanation for this
band conduction, which dominates fo< Ty, is replaced by correlation lies most likely in the fact that among the param-
mechanisms typical of disordered materials and involvingeters determining the anomalous Hall coefficient ipithat
hopping between localized states and/or activation to the moraries with temperature most strongly near the Ml transition.
bility edge. The cross-over between the conduction types Thus the Hall effect in various lanthanum manganites
originates from the shift of the mobility edge caused by en-exhibits a number of common features, which reflects the
hancement of magnetic fluctuations in the vicinity of theexistence of a common mechanism responsible for the Ml
Curie temperature. transition. This transition occurs below the Curie tempera-
The positive sign oR, observed foflT<T, shows that ture. In polycrystalline samples, the temperature dependence
the majority carriers in this temperature region are holes. Thef the anomalous Hall coefficient in the vicinity of the above
hole concentration ratio for samples with and without ceriumtransition is dominated by that of the crystallite bulk resis-
estimated from the change R, practically coincides with tivity. In La-Ce-Sr-Mn-O manganites, cerium is apparently
that calculated from the change in the nominal compositionquadrivalent and plays the part of a singly-charged donor.
At the same time the values &, derived from the content Support of the Russian Fund for Fundamental Research
of strontium and cerium turn out to be substantially larger(Grant 97-02-16008is gratefully acknowledged.
than the experimental values, which may be due to the pres-
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Analytical expressions are derived for the derivatives of the frequencies of magnetostatic waves
with respect to the external magnetic field in anisotropic ferromagnetic films. Films having

cubic anisotropy and100), (110, and{111) surfaces are analyzed in detail. The frequency-
field relations are used in an experimental determination of the temperature coefficients of

the cubic anisotropy field and the saturation magnetization in an yttrium iron garnet filmi99®
American Institute of Physic§S1063-783@8)02711-7

The anisotropy of single-crystal ferrite films must be shall assume everywhere below that the vectérand M
taken into account in the investigation of natural oscillationsand the symmetry axis are mutually parallel and are oriented
of their magnetization=® Magnetic anisotropy makes the pa- either tangential to the film or along the nornmedo it. Let a
rameters of the oscillations dependent on the angles charamSW with wave vectorkl n propagate in the film. The
terizing the orientation of the external magnetic field relativefunctional relations between the MSW frequencies and the
to the crystallographic axes of the ferrite film. It is customarymagnitude of the magnetizing field can be obtained from the
to investigate either the angular dependence of the resonandespersion relations. The dispersion relations given below
field at a fixed oscillation frequency or the angular depenhave been derived from the magnetostatic equations subject
dence of the frequency at a fixed field strength. Resonand® electrodynamic boundary conditions on the surface of the
fields are normally studied for homogeneous ferromagnetifilm and from the linearized equation of motion of the mag-
resonancé;® and the frequency dispersion curves are studnetization without regard for exchange or losses. Magnetic
ied for waves>!! anisotropy is taken into account by means of the tensor of

On the other hand, the external magnetic field and theffective demagnetizing anisotropy factd¥s;, wherer, s
natural frequency are interrelated by parameters. This rela=x, y, z (Ref. 1). Thex, y, andz axes form a right-handed
tionship for differentially small field and frequency varia- orthogonal coordinate system with theaxis parallel toM
tions is described by the derivative of one parameter withand with they axis parallel to the film surface.
respect to the other. The derivative can be calculated from
experimental frequency-field curves, and its intrinsic angular
dependence can be used to determine the magnetic anisg\t-
ropy parameters. This possibility stresses the need to inves-
tigate the frequency-field relations and their derivatives. Of ~ Accordingly, we have the axedln andx, yLn. If we
special interest from the theoretical point of view is the prob-choose the direction of the axjgk, the dispersion relation
lem of ascertaining the analytical form of representation ofhas the form
the derivatives for waves. The problem is that the dispersion 12
relations for spin waves contains the relationship between tankd(— uF,)V2= — 2(— pyy)

o RS T Hyy) 1)
the frequency and the field in implicit form. v 1+,

The objective of the present study is to investigate the _ . o
frequency-field relations for magnetostatic watSWs) in whered is the thlck_ness of the_ fernte film, and the compo-
anisotropic ferromagnetic films. Special attention is given tghent of the magnetic permeability tensor has the form
films endoyved With cubic z_;md u_niaxial anisotropy. The ng:1+47TM g [H+M(Ny—N,,—47)]
frequency-field relations are investigated for surface MSWs
in an yttrium iron garnetYIG) film. X{g’[H+M(Ny—N,,—4m)][H+M

X(Nyy_sz_47T)]_(gMny)z_fz}il, (2

wheref is the MSW frequency, ang=2.8 MHz/Oe is the

We consider a ferrite film for which one of the magnetic gyromagnetic ratio. The dispersion relation describes magne-
symmetric axes is either parallel or perpendicular to the filmtostatic forward volume wave@MSFVWs). Their frequen-
Let the film be magnetized to saturation along the designatedies lie in the interval [H+M(Ny,—N,,—4m)]
symmetry axis by an external magnetic figtd It follows — X[H+M(Ny,—N,,—4m)] — (MN,,)* < (f/g)><[H+M
from the solution of the static problem that for a sufficiently X (Ny,—N,,—4m)][H+M(N,,—N,)]—(M ny)z. The
strong field the magnetization vectht is parallel toH. We  lower limit of the interval corresponds to the ferromagnetic

Perpendicularly Magnetized Film, M |n

1. STATEMENT OF THE PROBLEM

1063-7834/98/40(11)/4/$15.00 1892 © 1998 American Institute of Physics



Phys. Solid State 40 (11), November 1998 V. V. Shagaev 1893

resonance frequency, and the upper limit corresponds to the s of s
frequency of the short-wavelength edge of the MSFVW  f3=0% [H+HM(Nyyx+Nyy—2N,,+4)]
spectrum. ,
+ —_
4
B. Tangential Magnetization, M Ln and k |[M. f0 is the ferromagnetic resonance frequenty, are the
short-wavelength limits of the MSFVWfg{<f<f;) and
MSBVW (f,<f<f,) spectra, andf; is the short-
wavelength limit of the MSSW spectrunf(<f<f3). At

(Nyx+ Nyy— 2N+ 417)?

Accordingly, we have the axeg yLn andx|n, where
7|k The dispersion relation has the form

B 1 2(— ,uxx)l’z the frequencyf,; and for the value of the wave vectéd
tankd(— uyy) T @) =2(f2—f3)/[f2— 2+ (4mMg)?] the dispersion curves of
Foxx the fundamental MSFVW and MSSW modes make a smooth
where transition from one to the other.

f=1+47Mg[H+ M(Nyy— N2 QT H + M (N
—N,)J[H+M( N,)]1—(gMNy,)?—f2} "1 (4) 2. DIFFERENTIAL RELATIONS

In this case the dlspersmn relation describes magnetostatic We now consider equations that can be obtained from
backward volume wave@MSBVWSs). Their frequencies lie the above-listed dispersion relations for the derivatives of the
in the interval [H+M(N,,—N,)I[H+M(Ny,,—N,)] MSW frequencies with respect to the magnetizing field.
—(MN,y)2<(f/g)?<[H+M(Nyy— N+ 4m) J[H+M(N,, For MSFVWSs withM|\n and MSBVWSs withM_L n and
-N,)1- (Mny)2 The upper limit of the interval corre- k||M these equat|ons are derived from E@®). and (4), in
sponds to the ferromagnetic resonance frequency, and thehich ,u yy and w2, are treated as constant parameters. It
lower limit corresponds to the frequency of the short-follows from Eqgs.(1) and(3) that parametric dependences of
wavelength edge of the MSBVW spectrum. the right-hand sides of Eq$2) and (4) on kd are specified
through uj, and uy, . For both of these dependences it is
more convenient to use the single parametegiven by the

C. Tangential Magnetization, M Lnand kLM equation
_ 1/2
We now have the axeg yL n andx|n, wherey|k. The tankd(— u)¥2= — 2(=m) . @
dispersion relation can have one of two forms in this case. 1+p
For magnetostatic volume waves we have Now ng:lu andu® = 1/u. Substitutings into Egs.(2) and
kd[(fz_fz)(fz_ fz)]l/z (4), we find explicit functionsf (H), which we can then dif-
an ! Ry 2 ferentiate to obtain simpler relations for the derivatives:
fo—f
° 1 d(f2—g?H?) 47M
2[(fi_f2)(f2_f§)]l/2 ?T M(NXX+N 2NZZ_87T)+E
= : 5
(f2—13)—(f2—f2)— (47Mg)? 8
and for magnetostatic surface wav@SSW9 (or a mixed ~for MSFVWs and
mode whenN,,#0) has the form 1 d(f2—g?H?) (N N - 2N 4 47M
kd[(fz—ff)(fz—fg)]l’z ? dH ( xx T 22T ) 1_/"
Xp e )
0
for MSBVWs.
- (4M)2—[(f2—f3)2— (f2—f2)12)2 We note that different coordinate systems are used to
- 8mMg(f2— f2)12 ' ©®) treat MSFVWs and MSBVWs. Consequently, the compo-
8 nents of the tensoN, in Egs. (8) and (9) differ. But the
where terms 4rM/(1— n) do not depend on the anisotropy fields

of the film, and they express the parametric dependence of

2_ 20142 _
fo=gH{[H " HM(Nyot Nyy= 2N+ 4m)] the derivatives orkd. As kd varies form zero to infinitely

+M2[(Nyx— N+ 4m)(Nyy—N,) =N y]}, large values, the term#M/(1— u) increases monotonically
5 from O to 47 M.
f£ 5= 0?{[H2+HM (Nyy+Nyy—2N,,+47)] We now consider MSWSs fovl L n andk L M. The func-
tions f(H) cannot be obtained in explicit form from the dis-
2 _
M (Nyo= N2z (Nyy=Nz) =N y] persion relationg5) and (6). However,f and H enter into
+27M2(Ny + Nyy—2N, )*+2m7M? these dispersion relations in the combination fo:_r;ﬁ1iH2

- +HM (Nyy+ Nyy—2N,,+4m) - f2=U(f, H). Hence it
X[ (Ngx—Nyy)>+4Ng 13, follows that for a given value dfd the variation oH and the
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corresponding variation dfmust obey the differential equa-

d(f2_92H2) d(fZ_gZHZ) )
tion dU(f, H)/dH=0. From this equation we obtain BT — I TV =59°H., (14
S.(100) S(110
1 d(f?-g°H?) d(f2— o2H2 d(f2— q2H?2
7 an =M(NytNyy—2N,,+4m). (10 { ( dg )} +4{ ( dg ) _SgamM
S.(100) S(110
The latter does not depend &, and it replicates the (15

analogous equation for homogeneous ferromagnetic reso-

nance, which is obtained from the explicit analytical field

dependence of the ferromagnetic resonance frequency.
Equations(8)—(10) can be used to find the magnetic pa-

For {111} films we consider directions of magnetization
along a(110) axis parallel to the film and along(d11) axis
directed along the normal:

rameters of a ferrite film. In fact, combinations of parameters  [d(f?>—g?H?) d(f2—g?H?)
from the right-sides of the equations can be determined from dH dH
the experimental MSW frequency-external field relations, S(110 B.(110
from which the left-hand sides of the equations are calcu- d(f2—g?H?) 14 ,
lated. dH :_gg Hcr (16)
F.(111)
11[d(f2—ng2)} [d(fz—gZHz)}
3. DERIVATIVES FOR FILMS WITH CUBIC AND UNIAXIAL 3 dH $(110 dH B.(110
ANISOTROPY
d(f?—g®H?) 14
As an example, we consider the application of the gen- T dn ( 1>=§g 4mMeg, 17
F,(11

eral equation$8)—(10) to YIG films, which are widely used
in physical research and engineering. The magnetic anisotn addition, the derivatives with subscripB and F corre-
ropy energy in these films is described by the expressiogpond to identical modes and identical valuekafNow the
Ko(alas+ ala5+ a5ad)+ K sirtd, whereK, andK, are  parameters in Egs. (11) and (12) also assumes identical
the first cubic and normal uniaxial anisotropy constants, revalues, and when these equations are summed, terms con-
spectively,aiz3 are the squares of the cosines of the anglesaining u cancel each other without introducing a depen-
formed by the vectoM with the fourfold symmetry axes, dence orkd in the final expression€l6) and (17).
and is the angle between the vectdvsandn. The calcu- Equations(14)—(17) can be used to determirté. and
lation of the components of the tenddy; for cases with the  47M; from experimentalf(H) curves obtained for any
vector M directed along the symmetry ax{gnlp) (where value ofk. The value ok itself is not used in the calculations
(mlp) is one of the axes of the tygd00), (110), or(111)), in this case.
followed by substitution into Eq¥8)—(10), yields the rela- The simplest measurements ldf and 47 M are per-
tions formed on films having surface orientati¢t00 or {110}. It
follows from Eqgs.(14) and (15) that for these films it is

1[d(f?-g’H?) MMt AnM sufficient to obtain twd (Y) curves for a surface wave with
gd dH -F,(mlp)_ (mip) = OTMeft™ 9 magnetization along tangential axes of the ty€0) and
(11 (110.
1[d(f2—g?H?)] o amm 47M
- 2 - M g
o2l dH 1B,(mlp) (mip) M l-u 4. EXPERIMENTAL
12
The objective of the experimental investigations was to
1[d(f?—g?H?)] verify relations(13) for variousk, H., and 47M . The
; dH =Hmipy T 47Merr. 13 investigations were carried out on a YIG film of thickness

“Sdmip) 9.8 um grown on a{100-oriented gallium gadolinium gar-

net substrate. The magnetic parameters were varied by
refers to waves witth L n andk|M, the subscripSrefersto  changing the temperature of the film from 200K to 360 K.
waves withM_Ln andkL M, and the subscriptmlp) indi-  An interference procedutewas used to observe MSSWs
cates the crystallographic direction along which magnetizaand to evaluatd.

The subscripf refers to waves wittM||n, the subscrip8

tion takes place. Herél1g9=4H:, H(119=—H¢, H11y
=—(8/3)H., H.,=K./M is the cubic anisotropy field,

The film was placed between the poles of an electromag-
net in a tangential magnetic field. The orientation of the field

4d7M = (4wM —H,) is the effective magnetization, and relative to the crystallographic axes was set by rotating the

H,=2K,/M is the uniaxial anisotropy field.
For films having the surface orientatiof$00, {110},
and{111 we give relations deduced from Eq4.1)—(13).

film about the normal. The measurements were performed
for two positions. In one case the field was aligned with a
(100 axis, and in the other case it was aligned witfld0)

For {100 and {110 we consider directions of magneti- axis. The alignments were checked against the angular de-

zation along(100) and(110) axes parallel to the film:

pendence of the frequency interval with the spin-wave spec-
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trum. The lowest and highest frequencies are attained wheperpendicularly magnetized films differ from the analogous

the direction of the field coincides with tj@00) and(110)  relations(8)—(10) only in the replacement dfi by the pro-

axes, respectively. jection H, of the vectorH onto M. In strong magnetizing
The spin-wave frequencidswvere measured as the field fields, when the influence of the anisotropy field on the equi-

H was varied in the interval from 200 Oe to 700 Oe and adibrium orientation ofM can be ignored, the frequency-field

the wave vectok was varied from 93 cm! to 651 cni?. relations can be used without making any distinction be-

The quantity {2—g?H?) depended linearly ohl. The coef- tweenH andH,.

ficients in this dependence were identical for different values  The author is grateful to A. V. Maryakhin for furnishing

of k and the same field direction. The cubic-anisotropy fieldthe film sample.

H. and the effective magnetizationM o of the film were

determined from Eq€14) and(15). The values oH_ varied

from —92 Oe at 200K to—32 Oe at :,360 K, and #Meff 1A. G. GurevichMagnetic Resonance in Ferrites and Antiferromagfigts

varied from 2147 G to 1515G, respectively. In the tempera- ryssiaj (Nauka, Moscow, 1973591 pp.

ture interval from 220K to 320 K both magnetic parameters ?S. N. Bajpai, I. Rattan, and N. C. Srivastava, J. Appl. Pt5.2887

are well approximated by linear temperature dependence§(F;“’Z9I-_emons and B. A, Auld, J. Appl. Phys2, 7360(1983

with slopesdH./dT=(0.44x0.02) Oe/K andd(4mMef)/ 45" | ugovska and V. I. Shcheglov, Radiotekh. Elektroa7, 518

dT=(—-4.1=0.1) G/K. These values are consistent with (1982.

YIG single-crystals dat&® The dependence of the magnetic ZV. V. Danilov and I. V. Zavislyak, Ukr. Fiz. Zh26, 1392(198).

parameters on dopant concentration can be similarly A S Beregov, izv. Vyssh. Uchebn. Zaved. Radgieron. 27(10), 9

Investigated. . . . o ’R. D. Henry, P. |. Besser, D. M. Heins, and I. E. Mee, IEEE Microwave
We close with the observation that, in the derivation of Guid. wave LettMAG-9, 535(1973.

the frequency-field relations, the directions of the vectdrs °A. V. Kobelev, M. V. F’erer)elkinz. A A Ror;]ﬁanyukﬂa, Al-(hF’- S&.tf(p;':\nov,

inei i i V. V. Ustinov, V. A. Matveev, and V. G. Tashirov, Zh. Tekh. F&0(5),

and M have beer_1 assumed to coincide in tangenhglly or 117 (1990 [Sov. Phys. Tech. Phy85, 605 (1990].

p.e.rpendlcularly 'orliented films. On the one hand, for this con-s5 M. zyuzin, v. V. Radakin, and A. G. Bazhanov, Zh. Tekh. Fig7(2),

dition to be satisfied, one of the magnetic symmetry axes 35 (1997 [Tech. Phys42, 155(1997)]. ]

must be tangentially or perpendicularly oriented, respecfog- A. Chi:;/ilzeg\;/ai lAd(f%%U[fSeViCth)ﬁ”d ; m'firy@%n’eii(zigg\%rd' Tela

H . : eningral A oV. yS. S0l tal 9, .

tlv_ely, because the film must be m(’.ig.netl.zed along such aﬂ$. V. Belyakov, B. A. Kalinikos, and N. V. Kozhus’,|&tron. Tekh. Ser.

axis. On the other hand, the magnetizing field must be strong gietron. Svch, No. 1415), 22 (1989. )

enough for the parallelism of the vectdisandM not to be  2B. N. Gusev, O. A. Chivileva, A. G. Gurevich, L. M.riryan, and O. B.

disrupted under the influence of the magnetic anisotropy g‘aggf}%igg'] Pis'ma Zh. Tekh. Fi#, 159 (1983 [Sov. Tech. Phys. Lett.

f!eld' These requirements, however’ d(.) not impose “ml.ta“Y’u. M. Yakc;vlev and S. Sh. GendeleFerrite Single Crystals in Radio

tions on the strength of the anisotropy field or the saturation giectronics[in Russiaf (Sov. Radio, Moscow, 1975360 pp.

magnetization. The above-derived equations, for exampleIgP. Hansen, J. Appl. Phyd5, 3638(1974.

can be used in the investigation of highly anisotropic films. Pl-g;'anse”' P. Rwhman, and W. Tolksdorf, J. Appl. Phyé5, 2728
When the vector$l andM are not parallel, an analysis (1974.

shows that the frequency-field relations in tangentially orTranslated by James S. Wood
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Thermal conductivity of (VO),P,0- single crystals

A. V. Prokof'ev and I. A. Smirnov
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Thermal conductivityx of single-crystalVO),P,0; has been studied within the 4—300 K range.
A break was found in the: (T) relation about 200 K, in the region of the transition from
diffuse antiferromagnetic orderin@00-4 K) to a classical paramagnet £ 200—- 300 K). In the
low-temperature domaifd—200 K), one may expect an additional contributionA¢T)

from the magnon component of thermal conductivity. 1®98 American Institute of Physics.
[S1063-783%8)02811-1

Recent years have been witnessing an increase of VOPO has a monoclinically distorted orthorhombic
interest in investigation of materials with unusual magneticstructure with space groug’2,; and lattice parameters
properties(see, e.g., Ref.)1 A large number of studies a=7.73 A, b=16.59 A, c=9.58 A, 3=89.98°. Vanadium
deal with (VO),P,0; (to be referred to subsequently as jon pairs are arranged in the VOPO layered structure one
VOPO), which is a representative of low-dimensional spinynder another in th€100) direction to form a’laddef of

systems. V4 ions.
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The first experimental measureméntsf the VOPO
magnetic susceptibilityc were interpreted both within the
spin-ladder concept and in terms of antiferromagnetic
Heisenberg chains with alternating magnetic orfd8ubse-
guent pulsed experiments of inelastic neutron scattering car-
ried out on powder samples provided supportive arguments
for the spin-ladder modél At the same time later inelastic
neutron-scattering ddtabtained on an array of 200 oriented
crystalltes were found to be inconsistent with the 8- s
(100)-oriented spin-ladder model while supporting the
model of antiferromagnetic chains directed alo(@l0).
Thus the question of which model would adequately describe

a0

s o

/X, arb. units

the magnetic properties of VOPO still remains open. a5 !
Recently the authors of this work have developed a
method of growing sufficiently large VOPO single crystals, 50

thus broadening the range of investigation of this

compound” =
According to the magnetic susceptibility data obtained >

on VOPO single crystals, within the 200—300 K interval the e

1/x (T) function behaves in the way typical of conventional

paramagnet®.For T<200 K, the 1f (T) relation suggests

the onset of gradual antiferromagnetic ordering, which,

rather than occurring at a fixéld takes place within a broad

|
|
temperature range200-4 K). 2.0+ {

This work reports preliminary data on the thermal con- I N
ductivity of VOPO. Such data are lacking in the literature, 0 ! LN
but they are needed for thermodynamic calculations related 100 120 150 200220250 300
to this material. 7,K

The thermal conductivity of VOPO was measured on ag, 5 14 (T) (regionB) andx
single-crystal sample within the 4—-300 K range. The singlean enlarged scale.
crystal was grown by the technique described elsewhere.
The sample was 83X2 mm in size, and the heat flow
propagated along the longer side of the crystal, which was
25° to the(010) direction(Fig. 18. Measurements of were

(T) (regionA) of VOPO (Fig. 1) shown on

It does not presently appear possible to estimate this contri-
ution, because it would even be difficult to choose an ap-

e . . propriate expression for estimation @f, for a system with

performed on a set-up similar to that described in Ref. 7'such a strongly diffuse antiferromagnetic transition as

\e/OZ?n;ZrinréT;tlgatgcr;tagﬁ, ttr(])etrr?(feolr:t’t't:heat)ﬁzﬁgﬁclgntc?lsct' VOPO. More definite conclusions can be drawn only after
it;/(p ! s actually ! u IVperformingx(T) measurements in a magnetic field, which
' — represent our next objective.

The objective of the work waél) to measure the ther- P )
mal CondUCtIVIty of VOPO Wlthm a broa,d t.emperature range’“AII the data available on VOPO in the literatumsith the exception of this
and (2) to study the behavior ok (T) within the broad re-  work and of Ref. 6 were obtained from measurements on powder and
gion of antiferromagnetic ordering4—200 K and at the  polycrystalline samples.
transition to the classical paramagnetZ00 K).

Our experimental data o (T) are displayed in Figs. 1  'E. Orignac and T. Giamarchi, Phys. Rev5&, 5812(1998.

: : : 2D. C. Johnston, J. W. Johnson, D. P. Goshorn, and A. J. Jacobson, Phys.
and 2. We readily see a break in the relation about 200 K, Rev. B35, 210/(1987.

which is apparently caused by the influence of the magnorer s eccleston, T. Barnes, J. Brody, and J. W. Johnson, Phys. Rev. Lett.

subsystem within the 200—4 K ranfé& may manifest itself 73, 2626(1994.

in two ways:(1) an additional contribution due to heat trans- 4g-hW- gaffeitynsy-gE-?:‘Sﬁla'ggnD- A. Tennant, B. C. Sales, and T. Barnes,
_ ys. Rev. Lett79, .

port by magnons £,), and(2) a decrease of thermal con- s, ;"¢\ yofiev, F. Bilesfeld, and W. Assmus, Cryst. Res. Techras,

ductivity because of phonon-magnon scattering. The tem- 1551993

perature dependence af (the break about 200 K followed °A. V. Prokofiev, F. Bilesfeld, W. Assmus, H. Schwenk, D. Wichert,

by an increase of with temperaturgargues most likely for 72- 'J-OW' ankq ‘i- kA‘Ih'hEUFOFg ghﬁs- J. 3”3 Plrjehsig 1500193

the existence within the 200—4 K interval of an additional - 762°Wski. J- Mucha, and G. Pompe, J. Phy2@® (1987.

contribution fromzx,, to the measured thermal conductivity. Translated by G. Skrebtsov
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Magnetoelastic interaction in a spatially disordered ferromagnet containing a large
number of defects

V. V. Men’shenin
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The description of a continuum with continuously distributed dislocations and disclinations is
extended to the case of a spatially disordered ferromagnet. It is shown that the interaction

of disclinations with spins can have the effect that the spin-wave frequency is equal to zero for a
nonzero wave vector. The variation of the coupled-oscillation frequency is determined in

the case of weak coupling between elastic waves and defectd998 American Institute of
Physics[S1063-783#8)02911-9

It is generally known that disordered media lack long-of the defects and the system of Cartan equations for the
range order in the spacing of their atoma,condition that external forms governing the geometry of the medium. The
significantly alters their spatial distribution from that of crys- disclination and dislocation fields are treated as gauge fields
tals. Even though the volume occupied by the atoms of agenerated when the action of the symmetry group of the
amorphous material can be partitioned into space-fillingsystem loses homogeneity. Gracheval? have extended
Voronoi polyhedra having a configuration similar to that of this approach to systems containing point as well as line
Wigner—Seitz cells in a crystal, the polyhedra themselves aréefects.
not mutually congruerft,and their symmetry can contain In several papefs'! the dynamical magnetic properties
axes of odd order higher than three-fold, which cannot posof disordered magnets have been investigated using gauge-
sibly exist in a crystaf.Consequently, the structure of disor- theoretic methods. However, only magnetic ordering anoma-
dered media is invariant under local transformations. Thidies are taken into account in these papers. The atomic struc-

means that amorphous materials have a local invariancé'r® iS assumed to be defect-free, which is not fully
property® consistent with notions of the amorphous state. Since discli-

The presence of odd, fivefold and higher-order Symmenations in a disordered structure are formations inherent in
fhe structure at the outset, there is a need to investigate their

try axes in the system is attributable to the existence therei X i - ; )
influence on various — including dynamical — properties of

of topologically stable defects called disclinatidrs struc- : d . b f th
tural elements that maintain the amorphous state proper. Awe fmirr?lc an magr:jgﬂc su trs}ys.tef:ns ort ?j.truﬁturf'
important consideration is the fact that here the disclinations N IS paper we diScuss e influence of disciinations on

cannot be regarded as independent; the hypothesis of an e(iixnamlcal magnetoelastic interaction phenomena in spatially

semble of interacting disclinations is closer to the truth. If theS::ergegidanmae?(?:;ss'iogugf [[rt;vee;:lg?stlor; ?T:egljmp?;/lﬁ]m IS
medium is treated as a continuum, the disclinations can be . : ty . Ving
. L - magnetic degrees of freedom. This extension essentially rests
assumed to have a continuous distribution. In describing the . : ;
. . . L on the fact that, in the presence of line defects, the potential
elastic properties of continua, it is assumed that the Compoénergy of the magnet must be invariant under simultaneous
ilibri it inal lued functi fth focal rotations of spins and the lattice and therefore can be
ggw ! rlun:].p05| 'on arre] sing g-v? ue lénc lons ot e Cof?r'written as a function of quantities that are invariant under the
Inates. This means that a single coordinate system suffiCggyicateq transformations. We also assume that the magnetic
for descn_blng th_e entire mgnlfold_ in the medlum_. When I'neproperties depend mainly on exchange interactions, which
defects(disclinations and dislocationare present in the me- yreatly exceed relativistic interactions. This condition en-
dium, it is impossible to uniquely specify the displacementypies us, by analogy with Ref. 12, to describe the magnetic
of points of the medium relative to this single coordinate roperties by introducing the parametegs=n tan(6/2),
system. This is the situation in manifolds having torsion andyhich specify spin rotations through ang about the
curvature> We can assume therefore that the internal geomayis n.

etry of a medium containing line defects is not Euclidean. In

this context the formation of disclinations and dislocations

can be attributed to the curving and torsion of space,

respectively’ A description of the macroscopic dynamics of ; EQUATIONS OF MOTION

media having a continuous distribution of line defects with-

out magnetic order is given in Ref. 7. The main approach of  To begin, we use the Lagrangian formalism to obtain the
this study to formulation of the dynamics is to establish adynamical equations of motion. We write the Lagrangian of
one-to-one correspondence between the kinematic equatioasdisordered ferromagnet in the form

1063-7834/98/40(11)/6/$15.00 1898 © 1998 American Institute of Physics
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V. V. Men’shenin 1899
Kiji = K28 8+ K38 851 + K383 ik,
bijii = b3 (Sik 81 + S Sjk) + b3S S
Nijii = N1( ik 6j1 + 6i1 k) + N 265 6k » (4)

Nij and by, are elastic and magnetoelastic constants, re-
spectively,K;; andK;j, are anisotropy constants, ahtlis

the external magnetic field. The physical significance of the
quantitiessy, s, y, and{ are clarified in Ref. 7, antV;; and

wn are compensating fields produced in inhomogeneous
transformations of the rotation grol(3) and the transla-
tion group T(3), respectively. The right Cartan forms
w(¢, S¢ in Egs. (1) specify the parameters of relative rota-
tion of spins at the points andx+ dx. Here, in contrast with
Ref. 12, ¢ incorporates the variations of the parameger
both in its parallel transfer from to x+dx and as a result of
the difference in the coordinate systems at the indicated
points.

In Egs. (2) the quantitieswy, ;, 7, My, andQf; are
invariant under simultaneous rotations and translations of
spins and the continuum. Their presence is a direct result of
the requirement of invariance of the potential energy of the
magnet under the above-indicated transformations. The ex-
pansion of the potential energy in these combinations of dy-
namical variables yields the expression in the braces in Egs.
Q).

Invoking the variational least-action principle, from the
Lagrangian(1l) we obtain the following equations for the
dynamical variables of our problem:

: . 1
WZ)=ZPWyy i =REFGpy i, R vl R:)CWQ—EZC

b K =
N7 — v LiWEN{— E;=0,
‘?bGEa_ CgaWEG%a: R?by anvan+ N| 'yﬂn‘P )

a,b=1,2,34, i,j,k=1,2,3. (5)

In Egs.(1) pg is the predeformation density of the medium,

a; denotes the Lagranglan coordinates of the initial configu-he following notation has been introduced in E€®:
ration, M;= Q,k(go)MO is the orientation of the spontaneous

magnetlzatlon vectoM in the nonequilibrium state,

(@iok— @2 Sk T Einken)
1+ (,02

Qi) =6+ 2

is the matrix of rotationsg,, ;= cﬁycg s are the structure con-

stants of the Lie algebra of tt#&Q(3) group,vy, are rotation
group generatorsy is the gyromagnetic raticg; ands, are
positive constants,

aik=a15ik+a2nink, n;= dij:d15ij+d2ninj,

My’

1
g3°=-6%, a,c=1,2,3; g44=2, g3°=0,
a#c, (>0, k¥=-4° a,c=1,2,3;

1
k44:§, kaC: 0, aF+ C, y>0, K'l =K05ij y

JL _ b JL N
V) T AVpeh)
L, be  IL
Ei=—|Vye'=const, R*=—mo,
: D¢
L 1 .
Go= w0 Lw= 7 5S1CF, b9%°G°F Ly, (6)

bc

and aIIowance'has_been made for the fact that variations of
the quantitiesu = pupda® andWe=WgdaP by the amounts
Su'=ev' and SW*=¢£® induce the variations
SF'=g(d&'+cp,WPAEY),  D'=e(dv' +TjAv)).
)

In relations(7) the symbol/\ denotes the exterior product,
andT'} =y, Wgda®.
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2. INTEGRABILITY CONDITIONS linear approximation we obtain a system of coupled equa-
tions describing the above-indicated interactions. For right-

Equations(5) cannot be solved for arbitrary values of polarized waves it has the form

Z,, RP, GB° NP, andE;. They must satisfy equations
called the integrability conditions. These conditions have ;2

been derivelfor a nonmagnetic continuum by repeated ex-alﬁwhr a;
ternal differentiation of the equations for the dynamical vari-

+

0
—2iwo%+ﬂg¢+)—2ib2M§

ables after their representation in the form of equations for + 2 Pt
differential forms. The resulting relations were found to be X| —+ug | —i =MW, —d, > =0,
. &a3 Y a
equivalent to the momentum and angular momentum balance 3
equations for the medium. The momentum balance equation o 4 ¥ 2 4 +
. e - Put duy d%u s
is satisfied identically in this case. — + + Nt + Nt
It is well known'® that the angular momentum balance gtz ot /a3 dag
equation of a system implies invariance of its Lagrangian N
under rotation of the body as a whole. We make use of this C0pg29P
; - s . +2ib;Mg——==0,
property in the derivation of the indicated equation for a gad
disordered ferromagnet. To do so, we take into account the
fact that the quantitie¥, ¢, andM are transformed under 2s;[ °u;  ps  Ngy
such rotations according to the laws’'=QrQ*, ¢ "y | 2 -y g2 25 M3
=Q¢, andM'=QM, whereQ is the matrix of rotations,
and the variations commutes with the operations of differ- ug Onn2 4
entiation with respect to time and coordinates. In this case = _)\ef_ﬂas +4ibiMge™,
we obtain the following relation from the requirement that
SL=0 in rotation of the body as a unit whole: s Pug 1 ug
e N Y\ ga Y at2
Yoj| ZVX +Ei@l + NEV 01+ — M) | =0, (8) N N
My (au+ +) S; W, sy dW;
. . . . . . . =po| =t Mg —— = —,
which, given the choice of invariants in the for@®), is sat- Pol "ot y Jdaz y ot

isfied identically ifM # 0. WhenM =0, as for example in a - - . .
spin glass, it follows from Eq(8) that interaction between S2[ 9Wa 1°W, . ﬂ-(aﬂ_ 2 i 2 f_0
the spin and elastic subsystems does not take place in thé\ a2 ¢ at? y | at daz Y 0% ’
linear approximation.

We call attention to the following consideration. If the d°W;  °Wj 0 ©

integrability conditions in a disordered ferromagnet are the?_
same as in Ref. 7, we obtain an equation analogous)to

but without the termy,;(dL/dMp)M}, which differs from The following notation has been introduced in E(®:
the angular momentum balance equatioM i 0. It is not an
integrability condition in this case.

/a3

et=pi1tigy, U =uitiuy,  pg=pztius,
W3 =Wi+iW3, W; =Wi+iW3, Ag=\;+2bIM3,

3. INTERACTION OF SPIN AND ELASTIC WAVES WITH 1 [4M,

DISCLINATIONS AND DISLOCATIONS wOZg T +yH(as—a4)|,
1

We now consider the interaction of the magnetic mo-
ments and atomic displacements with the fields of disclinag2=—""(Kk,+4My[H+4b°M3x; 1)),
tions and dislocations in a spatially disordered ferromagnet. ay
. We assume that.waves propagate in .the medlgm in thR1=8(Kg—Kg)—4KO,
direction of axis3 (axis 3 refers to Lagrangian coordinajes
We determine the static displacements without defects. li&nd the following gauge is used as a convenience for our
this case they are attributable to magnetoelastic coupling ar@nalysis:
can be determined from the minimum of the potential energy

1 1
of the system. We assume thM,={0,0,M} and H, %zi%, >0,
={0,0,H}. Only the static displacement} has a nonzero dag y ot
value in this case; it is equal tog=—§a3, whereé is a &Wi3 1 (9Wi4
constant representing a combination of elastic and magneto- ——=— >0 (i=1,2.

elastic constants. All other components of the displacement R ¢ dt
are equal to zero. To simplify the problem, we assume thatVe note that the gauge fieltwg ande{ are equal to zero
the gauge field®V;, W5, u{, andu; are equal to zero for for the given direction of wave propagation. Moreover, terms
waves propagating along ax® Substituting the expression proportional to the product aﬁg+ a; and one of the fields

for the density of the Lagrangiafl) into Eq. (5), in the ~ W; or W, or, equivalently, one of their spatial derivatives
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(0Wj3 ldas, dW, ldag) or time derivatives §Wj /dt,

AW, /4t) are omitted in Eqs(9). These terms are omitted Ayg=

for the following reason. Their presence in the equations

makes the wave amplitudes dependent on the spatial coordi-

nates. This means that energy exchange takes place between gquation (10) is biquadratic in the wave vectde Its

the waves, i.e., they interact nonlinearly. The omitted termso|ution can therefore be found exactly:

are therefore strongly nonlinear, and their accuracy is greater

than that with which Eqs(9) are formulated in the first

place. K2 = @y
The asymmetry of Eq$9) with respect to terms contain- "2 2¢d

ing the disclination fieldsV; anduW, mirrors their role as

sources of the dislocation fielgs; andu, . Attention has + 200 —02)— do

already been called to this fact in Ref. 7. 0 o ay
We now undertake the analysis of the syst€n We

first consider the limiting case without magnetoelastic Cou'Setting the frequenci =0 in the latter relation, we find that

pling, and we set the dislocation fields; andu, equalto o square of the wave vectag
zero. We then have interaction between the spins and the

disclination fieldsw, . We seek a solution for the fields"

(12

1/2
2M§¢? ]

2
YV S

{(w?

d 2 2
flo+ 20000+ S o [ 21

2 2 2,12
wOalg}

s,d

(13

andW; in the form , [[(Q%en\? whai |V Qfay
=1 | 2z sd | 2z 4
¢ =@ (0)expi[kag— wt]), 2
W, =W, (0)expli[kag— wt]). is nonzero in this case. Consequently, the wave végtbas

. . . - . . a value at which the oscillation frequency is equal to zero.
The Q|sper5|on relation descr|b|.ng the coupled spin and dIS\'/\/e now elucidate the question of the mode with which this
clination modes can now be written solution is associated. Letting—0 in Eqg.(13), we have

AM22
0 =0. 2

2 aq w
Y'S2aq K2, o=—(0?+2wqw—032), ki =—.
(10) 1/{—0 d 0 0 2 0 g

d
w?+ 20w — 05— a—k2 (w?—k?)—
1

Assuming that the wave vect&i=0 in Eq.(10), we find an
equation characterizing the energy gaps in the wave spedt is evident from this result that the value kf at which

trum. If the condition =0 is identified with a spinlike mode. It follows, therefore,
- that for wave numberk whose values are smaller than, but
4Mg¢ close tok; the frequency of this mode does not increase with

(it 3, - +
<(05(0))*(o5s (0)+ 05 (0)), increasingk, as is usually the case, but decreases.

We call attention to the following consideration. In the
02 (0)=TF wg+ Joi+ 032 description of the gauge theory of disordered magnets as a
field theory on a principal fiber bundle in Ref. 11, the authors
holds, wherewg are the activation energies of noninteracting pass to the limit of a slightly less than ideal ferromagnet. A
right- (+) and left- (—) circularly polarized spin waves, the necessary condition for this transition is zero-valued curva-
uniform precession frequency of spins as a result of interacture form of a linear connection on a fiber bundle of linear
tion with disclinations in the case of right-polarized wavesframes.

Y Sy

increases by the amount In this paper we use the traditional approach to gauge
2.9 theorems, i.e., we work with an associated fiber bundle rather
AMg¢ than with a principal fiber bundle. In contrast with Ref. 11,

13

therefore, we do not concern ourselves with the spatial coor-
dinates. Here the spatial coordinates in question are the La-
We note the following. Inasmuch as E{.0) does not grangian coordinates of the initial defect-free, undeformed,
admit the solutionw=0 for k=0, we can infer from this paramagnetic state of the system. In this situation a limiting
assertion that the spectrum of a disclinationlike mode alsdransition analogous to the one discussed in Ref. 11 implies
acquires a gap as a result of interaction with the spin subthat the compensating fieldd/,=0, because only in this
system. Assuming now that the inequalities case does the curvature tensor of the final state of the system
o U3 (“ch{:\rge” space vanish. Accordingly, we go directly to thg
Mg¢ < previously proposéd (or in the method of phenomenologi-
47252%0)3 ' c_al Lagranglan)sdescrlptlon of long-wavelength spin excita-
tions in a disordered ferromagnet.
hold, we obtain the following value of the energy gap of a  We now consider a second limiting situation, wherein
disclinationlike mode: we disregard spin degrees of freedom. The dispersion rela-

A= .
Y?S2a1(0g (0)%(wg (0)+ wg (0))

1/3
93/2 2

0 YV Sa;
wZAM37?




1902 Phys. Solid State 40 (11), November 1998 V. V. Men’'shenin

tion describing simultaneous harmonic oscillations of thetial energy of the system is found to be invariant under local
displacement, dislocation, and disclination fields with wavesimultaneous rotations and translations of the magnetic mo-

vectork and frequencyw has the form ments and pointgatoms of the medium.
The integrability conditions for the coupled equations of
2_ 2223 2 Y 2 2 K2 motion are equivalent to the momentum balance equation
po(w”—ck)—| yk —H\efg—w + Mgk q _ q
1 and the total mechanical angular momentum balance equa-
o5 2 22 tion of the medium. The second of these equati(8)shas
% 1_2( w?—yk2— ﬂ)(wz_ng)_ 1_1 been deduced from the requirement that the Lagrangian is
y2¢? S1 y? invariant under rotation of the body as a whole. It follows
) from this condition, in particular, that within the framework
$1S i ; ; i “laf.
N zpo( 2 )\efi—aﬂ)(wz—gkz) of ttle given model interaction between the spin and “lat
2 2s; tice” subsystems does not occur in a spin glagk€0) in
) the linear approximation.
Sk ek’ —0 2=np-l 15 Even in the limiting case of zero magnetoelastic cou-
y2 =0, C"=Neipo ™ (15 pling the interaction of spins and disclinations significantly

_ ~influences their dynamics. As a result of this interaction the
We set the wave vector in E(L5) equal to zero. In this  gpectrum of homogeneous vibrations of disclinations ac-
case it is evident that modes describing oscillations of thfquires an energy gap, and the frequency of uniform preces-
fields W, and2W§ remain nonactivated. The energy gap sion of the spins changes. In the interval of wave vectors
wp=(Nefy/28;)" acquires a mode associated with oscilla-g<k<k,, wherek, is given by Eq.(14), the frequency of a
tions of dislocations. Consequently, the interaction of thespinlike mode of coupled oscillations decreases from the uni-
disclination fields with elastic waves does not produce arform precession frequency ®=0. The physical causes of
energy gap in the spectrum of a disclinationlike mode.  the onset of the soft mod@4) require further study. How-
We now find an approximate solution of E@5), valid  ever, indirect evidence exists as to the possibility of its exis-
only for weak coupling between elastic displacements angence. This possibility is indicated by experiments on neutron
defects. In this approximation we can seek a solution of EQScattering in the amorphous alloy J=eCoy 1:Co 1 (Ref. 14,

(15) in the form which expose the presence of a minimum in the dispersion
w=Cck+A. law for spin excitati_on_s_ at very high frequencie_s.

] In the second limiting case, where magnetic degrees of

We then have the relation fax freedom are disregarded, the interaction of elastic waves

with dislocations and disclinations produces an energy gap
S1S, only in the spectrum of the dislocation mode, consistent with
+(y—c2)k2>{ (kz[cz—y] the results of Ref. 7, whereas disclination modes remain non-
activated. Only in the weak-coupling approximation is it pos-
sible to determine the variation of the elastic wave fre-
_ guency. In closing, we note that the presence of topologically
stable defects of the disclination type in the atomic structure
of spatially disordered media follows directly from the topo-
)\e_fY) (c2— logical theory of defects''® and is attributable to the non-
2s triviality of the rotation groupSQ(3), which is not simply
connected. The onset of dislocations here is induced by their
kaZH disclination sources.

y 2s;
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Slow stage in the evolution of an incommensurate ferroelectric superlattice
S. N. Kallaev and V. F. Glushkov

Institute of Physics, Dagestan Science Center, Russian Academy of Sciences, 367003 Makhachkala, Russia
(Submitted March 16, 1998
Fiz. Tverd. Tela(St. Petersbun40, 2101-2102ANovember 1998

The nature of the slow evolution of a soliton system in an incommensurate phase of a
ferroelectric is investigated experimentally. It is shown that the duration of the time interval in
which the anomalous permittivity and the corresponding soliton spacings are governed by

a logarithmic law increases from a few minutes to several hours as the ferroelectric phase transition
is approached. €1998 American Institute of Physids$1063-783#8)03011-1

An incommensurate phase of a ferroelectric with spainto a nonequilibrium state. The stresg, shifts the transi-
tially modulated polarization is an example of an inhomoge-tion point toward lower temperature, i.e., broadens the tem-
neous degenerate system, which can be effectively investperature intervalAT=T—T, increases and increases the

gated by highly sensitive electrical measurements. Agquilibrium density of solitons, while the stressr,, has
temperatures close to the point of transition to the commenayacily the reverse effect. Consequently, the soliton density
surate polar phase the crystal superlattice begins to resemllgn pe ejther raised or lowered relative to the equilibrium
the domain structure of ferroelectrics containing narrow doisie at any temperature point of the incommensurate phase
main walls(solitons separated by adjacent regidigsiasido-  \ithout altering the symmetry of the crystal.

maing with oppositely directed spontaneous polarizatibns. The time dependence of the permittivity was recorded on

Previously it has been established _experlmer?téltblqt, mechanically free(unconstrained samples. The measure-
for a S”_‘a” initial deV|at|o_n f“’"_‘ eqwhl_arl_u_m of a SOI'Fon ment procedure in the first technique was as follows: The
system in RBZNCl,, the dielectric permittivity varies with sample was first cooled at,,~50bar to a specified tem-
iume .";] the lrange fronto=1s to 10min according to the perature, and then the stress was lifted. As a result, after
ogarithmic law stress relief the initial state had a reduced soliton density

_ relative to the equilibrium valug and the preloading density
elAe~F+GIn(t/ty), (1) n. In the second technique the sample was cooled from the
initial phase av,,= 0 to a specified temperature correspond-

whereAs=|?—s|,;is the equilibrium permittivityfo=1s, ing to the temperature pointA(T) attained by the sample
and F and G are constants. The equilibrium value is after stress had been lifted in the first case. The evolution

e=(s,+¢,)/2, wheres, ande, are the permittivities corre- of the system was recorded from the variation of the

sponding to elevated and reduced soliton densities at th&dependent anomalous permittivigyalong theb axis. The
same temperature. Equatiéb) is consistent with the previ- Vvariations ofe were recorded by means of a capacitance
ously developetiinterpretation of the relaxation of inhomo- Pridge operating at a frequency of 1MHz. The valuesof
geneities of the system as a thermal activation process goWas measured within 0.01% error limits, and the temperature
erned by metastability effects. was maintained within~0.005-K error limits.

We have determined experimentally the nature of the At the instant of relief of the stress previously applied
slow evolution of a soliton system in an incommensurate© the sample, the piezocaloric effect causes the temperature
phase of a ferroelectric in a time interval up to several hour§f the sample to change by the amoufit=(kT/c)Ao,
for large deviations from the equilibrium state. The investi-wherek is the coefficient of thermal expansionis the spe-
gated object is REZNCl, (space groufPmcn) with structural cific heat, andA ¢ is the variation of the stress. Estimates
transitions afl; =303 K andT,=195.2K(Ref. 1). The inter-  for the investigated R&ZnCl, sample ato~50bar give
mediate phase is incommensurate, with spatial modulatiodT=<0.03. The variation ot determined from the experi-
along thec(Z) axis, and the low-temperature phase is po|a,mental data fosT~0.03 does not influence the form of the
(Pn2,a) with spontaneous polarization along they) axis.  &(t) curves in Fig. 1. The relaxation process can therefore be
The crystal samples werex®.7x 3.8 mm rectangular bars regarded as isothermal up to the end of the time intetgvim
with their edges oriented along the crystallographjcb, ~ which temperature equalization takes place between the
andc axes. sample and the cryostat. When stress is used to create the

Nonequilibrium initial states of the soliton structure of nonequilibrium state, we havg~1s, and when the non-
the crystal were created in two ways: by the application ofequilibrium state is created by varying the temperature, ex-
uniaxial mechanical stresséss in Ref. 3 and by varying the perimental data, obtained at the time=1 s after complete
temperature of the crystal. The stressgg and o,, were  temperature stabilization, are used in the calculations.
utilized as a means of abruptly driving the soliton structure  The results of investigating the relaxation of the per-

1063-7834/98/40(11)/2/$15.00 1904 © 1998 American Institute of Physics
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FIG. 1. Time(t) dependence of the permittivity of the incommensurate ln (t/to)
phase of the RZnCl, crystal at various temperaturesT=(T—T.). 1) _
AT=0.27K;2) 0.72K;3) 1.18 K. FIG. 2. Dependence afl Ae on In(t/ty) for the incommensurate phase of the
Rb,ZnCl, crystal at various temperatur@sT. 1) AT=0.27K; 2) 0.72K;

3) 1.18K.

mittivity of Rb,ZnCl, from various initial nonequilibrium  gjther by large mechanical stresses 50— 60 bar or by a
states are shown in Fig. 1. It is evident thavaries com-  yariation of the temperature from the initial phase to a speci-
paratively rapidly in the first few minutes. The results of fied temperature in the vicinity of, the anomalous dielec-

determining the nature of the evolution of the soliton systemyjc permittivity and the corresponding soliton spacings

are shown in Fig. 2, where the dependencestfe on  (sinceAs/e~Al/l) of the incommensurate ferroelectric su-
In(t/ty) gre.plotted using t'he experimental data. It is eV'demperIattice vary with time according to a logarithmic law,
from this figure that the time dependencesofor large de-  rather than an exponential law as postulated in Ref. 1. This
viations from equilibrium obeys the logarithmic law de- |aw, which is based on the concepts of relaxation as a ther-
scribed by Eq(1). It is important to note, in contrast with the  mga) activation process, holds in the time interval from a few
data in Ref. 2, that this law is also observed at large timegeconds to several hours.
(up to several houysat temperatures close m;, irrespec- The authors are indebted to V. V. Glatifor helpful
tive of what technique has been used to drive the solitojiscussions and deliberations.
system out of equilibrium. The time interval in which the This work has received financial support from the Rus-
state of the soliton system varies according to the logarithmigjgn Fund for Fundamental Reseafblo. 97-02-1676p
law increases considerably @s is approached. It is evident
from Fig. 2 that the slopes of the lines relative to the hori- *H. Z. Cummins, Phys. Red.85 211(1990. ;
zontal axis decrease a'% is approached(ﬁ: 0.06 for AT 2V. V. Gladkii, V. A. Kirikov, and E. S. Ivanova, Zh. IESp. Teor. Fiz110,
=0.27, andG=0.6 for AT=1.2, i.e., according to Ref. 1, ;2°° (1996 [JETPES, 161 (1996].

=0 : TTr e i g © =1 3V, V. Gladkii, V. A. Kirikov, and E. S. Ivanova, JETP Let68, 603
the relaxation time to a particular value ofAe=const in- (1993. ]
creases. 4E. B. Kolomeskii, Zh. Eksp. Teor. Fiz99, 562 (1991 [Sov. Phys. JETP

In summary, the results of the experiment indicate that 72, 314(1999)
when a large deviation from the equilibrium state is createdranslated by James S. Wood
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LATTICE DYNAMICS. PHASE TRANSITIONS

Lattice dynamics of crystalline In ,Se,
D. M. Bercha*) and K. Z. Rushchanskif
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Fiz. Tverd. Tela(St. Petersbung40, 2103—2108 November 1998

Calculations of the phonon spectrum of crystallingSe, in a model of central-pair interactions

with neglect of the long-range forces are presented. The model developed contains five
unknown parameters, which are determined from experimental values of the elastic moduli without
consideration of the internal displacement of the sublattices. The phonon spectrum obtained
contains a large number of low-frequency modes, which deform the acoustic branches. Some
common features are discovered in the dispersion curves of the electron and phonon

spectra. ©1998 American Institute of Physid$$1063-783%8)03111-4

Crystalline InSe; is one of the selenides that are prom- structure consisting of infinite nonplanar layers of molecules
ising materials for energy conversion and storage. Its crystakith weakened intermolecular bonding. The stacking of
structure was first described by Hogg al' and subse- these layers of molecules is similar to the stacking of the
quently by Likformann and EtienrfeSome newer data were molecules in ordinary molecular crystals. Thus, a crystal of
presented in Walther's bodkThe unit cell of crystalline In,Se is not layered in the usual sense, i.e., it does not
In,Sey contains 28 atomgfour formula unit$ (Fig. 1). The  consist of planar layers joined by van der Waals bonding.
crystal structure is described by tfennm (D3) space The In4 atoms, for which the Debye—Waller temperature
group with the basis vectorsy;=15.296(1) A, @,  factor exceeds that for the other atoms, are located in regions
=12.308(1) A, andaz=4.0806(1) A(according to the re- of eakened bonding between the basic framewbrks.
cent datd). The material is composed of chains parallel to The y.ray structural investigations in Ref. 4 showed that
theaz axis, which lie in two translationally noninvariant lay- ,q scattering of x rays in crystalline J8e, is anisotropic,

ers pzrpen_cgicglar LO they d'irecétionl. The Strléct%e_c’f ¥&  hossibly due to the presence of one-dimensional translational
IS escribe y ~ mixed-vaience ords: In,Sey disorder The specific features of its structure with a ten-

— + 5+ ;
I)[In%_ [rf Ifr13) ][STZJQ’S'JhIe Itnl, In2,_ a_lnddlrt13tﬁt0mélF|g_. dency for disordering is apparently the reason for the unusual
» which form an (Ig)°" cluster, are joined to the selenium roperties of this material. For example, a deviation from

atoms by ionic-covalent bonds. This creates a puckered-lay Looke’s law was discovered in JBe, already at small

stresse§,but compliance with this law is restored at large
stresses. This semiconductor material exhibits an unusual pi-
ezoelectric photoresistive effett,and anomalous tempera-
ture dependences of the kinetic coefficiehts.

Investigations of the energy spectrum of the charge
carriers®!! showed that the dispersion laws for both elec-
trons and holes differ drastically from the parabolic laws
already in the vicinity of the extremum. It has been theorized
that there is a strong electron-phonon interaction in these
crystals, which leads to the appearance of condenson
states>'3the latter being analogs of polarons. For this rea-
son, an investigation of the lattice dynamics in these crystals,
which have scarcely been studied, would be timely. There
have only been experimental studies of the polarization IR
reflectiot**° and elastic properties of this matertal.

This paper proposes a model of the phonon spectrum
based on very simple and general approximations, which
FIG. 1. Structure of crystalline Se,. The filled circles denote atoms for {@ke into account the structural features of the bonds in crys-
whichw=0, and the unfilled circles denote atoms for whigk:0.5. talline In,Se;.

Sed
LO
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1. SYMMETRY DESCRIPTION OF CRYSTALLINE In 4Se;
AND ITS NORMAL MODES OF VIBRATION

D. M. Bercha and K. Z. Rushchanskil

1907

TABLE |. Relative coordinates of atoms in the unit célThe standard
deviations are given in parentheses.

The Pnnm(D%ﬁ) space group in a reference frame with Atom u v w
an origin of coordinates at the center of the unit cell is writ-},,; 0.71105(8) 0.33933(9) 0
ten in the form(Kovalev’s notation In2 0.81578(8) 0.52362(10) 0
In3 0.96733(7) 0.64423(11) 0
thylon.{h iy } } } {ha[0} In4 0.42369(9) 0.39749(11) 0
1) 1215 59 9 3 4150 Sel 0.9032910) 0.84943(13) 0
Se2 0.7687510) 0.13857(13) 0
111 111 Se3 0.4241@10) 0.15595(13) 0

{h2g0},1 hzg 55 514 har 5 5 5 {h2elO}

XTnlal+n2a2+n3a3r (1)

has been used repeatedly for highly diverse crystals, includ-

ing layered crystal$®1°In this model the force constants are
The coordinates of all the atoms in relative units areassigned by the two-parameter expressions

equal to (@,v,w), (1/2+u,1/2—v,1/2—w), (1/2—u,l1/2

+v,1/2—w), and (—u,—v,—w), where the values df, v,

andw for In1, In2, In3, In4, Sel, Se2, and Se3 are listed in

Table I.

A group-theoretical analysis shows that the 84 normat[/;/]heretR=rt(l)+r(I:)|—r$(I| )b_lr(lt(h) IS ItIhE lre;)dlijstr\]/ect?r of
modes at the Brillouin-zone center, of which 81 are opt|cal € interacting particies, [abels the cellsk 1abels the atoms

are described by the irreducible representations n a cell.R, andRy, are thea and3 components oR, Aand

B are the radial and tangential force constants,
14 + 7T+ 703+ 140y + 7T+ 140+ 141+ 7Tg.

ny,n,,N3=0,£1,*+2 ....

It C'Rﬁ
W1k, 1K) = — ==L (A—B)— 5,48, )

r?zgo
At the X, Y, andZ points the modes are doubly degenerate ~ Aj=—
and have 2X%;+ 14X,, 28Y,+14Y,, and 2%, +21Z, sym-

metries, respectively. The irreducible representations of the : . . .
b . P nd ¢(r) is the central pair potential. In our calculatioAs

f h Ref. 1
groups of wave vectors correspond to those givenin Ref. 17. - 7 o " depend both on the chemical species of each

As is usually done, the basis vectors of the normal
atom and on the distance between the interacting atoms ac-
modes were calculated using a projection-operator proce
ﬁordlng to the expressions

dure. Because there are seven kinds of atoms in the unit ce

each basis vector has 84 components. However, since atoms A=A _s&Xd —an_sdfi—ry)], i=1,...,10, (4

of different kinds do not transform into one another under .

the action of the symmetry operators, it is sufficient to con- A= Ain-in®Xl — apnon(fi—ra], 1=11,....15.(5)
sider the components of the basis vector of a normal mod&he distances between the atoms are listed in Table IV in
that belong to atoms of one kind. Table Il presents the basiaccordance with the numbef the pair of interacting par-
vectors of the modes of the In1 atoms for theooint of the ticles.

Brillouin zone. Since the normal modes at tkeY, andZ The equilibrium conditions

points of the Brillouin zone are doubly degenerate, the com-

ponents of a basis vector form complex functions, which 2 r(1,kk’) B(l,kk’)=0 (6)

comprise a basis set of two-dimensional irreducible represen- 'k

tations. The basis functions corresponding to displacemenig,nose fourteen constraints on the fifteBn Only the in-

of the In1 atoms are presented in Table IlI. teracting atoms near the atoms of the selected cell are taken

into account in the summation overin this case ten In—-Se

bonds chosen on the basis of the condifiagh, kk’)|<3.8 A

and five In—In bonds with lengths less than 3.9 A are con-
The model of central-pair interactions for the initial cal- sidered. As a result, the dynamic matrix for calculating the

culations of the phonon spectrum is interesting, because ftequencies of the normal modes is determined by five un-

does not contain a large number of unknown parameters. known parametersA,_se, ®in-se» Ain-in» Xin-in,» andBiz.

1dp
RIR , 3

R=R

R=R,

2. MODEL OF CENTRAL-PAIR INTERACTIONS

TABLE II. Basis vectors of the normal modes of four In1 atoms for khpoint of the Brillouin zone.

Atom No. r, I, I's | A I's T's ry I's

1 X1,Y1,0 0,0z, 0,0z, X1,Y1,0 0,0z, X1,Y1,0 X1,Y1,0 0,0z,
2 X5, —Y>,0 0,0~z, 0,0~z, X,,—Y5,0 0,0z, —X5,Y,,0 —X2,Y,,0 0,0z,
3 —X3,Y3,0 0,023 0,073 X3,—Y3,0 0,0-2z3 —X3,¥3,0 Xz,—Y3,0 0,073
4 —V¥4,0 0,024 0,02z, X4,Y4,0 0,02, X4,Y4,0 —X4,—Y4,0 0,0z,




1908 Phys. Solid State 40 (11), November 1998 D. M. Bercha and K. Z. Rushchanskil

TABLE IIl. Basis functions of the irreducible representations atXheY, andZ points of the Brillouin zone.

Irreducible
representation Basis functions
X1 ‘1’11:X1+Y1+?(X2*y2) ‘P12:x4+y47?(x37y3)
W= X4+ Yat1(X3—Y3) Wo=X1+Y1—=1(X2—Y2)
X3 VY=2-12; W= —24—125
V,=2,+iz, W,=—2z4+i25
Y1 V=X +y1=Xt+Y2 \1/12=@(—X3+y3+x4+y4)
Wapo=X1+Y1+X—Y> Wor=i(—X3+Y3—Xs—Y4)
Ys V=2,+27, ‘1’12:_4(23*24)
Vp=2,-2; Wy=i(—23+2,)
Z; ‘1’11:X1+Y1+21+i()<2*y2*22) ‘1’12:*‘X1*Y1+21+i(X2*Y2+22)
+|(_X3+)_/3_Z3) —X4—YatZy + '(_X3+YST*‘23) +X4tYatz,
‘1’22:X1+}’1+ 2;-i(X—Y2—22) ‘1’21:X1+}’1*21+|(X2*Y2+ 25)
—i(=X3+Y3—=23) =X4= Y4+ 24 Fi(=X3+Y3+23) =X4=Y4—24
Z, V=X +y1+23+i(Xa—Y2—22) Wio=X1+Y1= 211 (Xa— Y21 25)

—i(—XgtY3—Z3) +X4tYs—24
‘1’22:X1+Y1+ Z;—i(Xa—Y2—22)
Fi(=X3+Y3—23) + X4+ Y424

+i(—Xgtyz+zz)+Xatyst+z,
X Y1t 23— i(Xa— Y2+ 22)
Fi(—XgTY3t+2Z5) —Xa—Ya— 24

W=

3. CALCULATION OF THE PHONON SPECTRUM OF In ,Se; which takes into account the displacement of the individual

sublattices, must be included {@). In the static approxima-

The parameters of the model were determined fron}. T . ) L : .
. ) . . ion, which is valid at high limiting optical frequencies,
known experimental data: elastic modfiliand ranges of .

observable frequencies in the far-IR reflection spectrdCapys IS calculated according to the expression
(Table \).1415

= =k kK &K

As we know?° the force constants are related to the elas-  9Capyo= Z CaepReyn Coys ©)
tic moduli in the long-wavelength approximation by the ex- 'zk,,
pression where

Caﬁy§:6a7B6+ aﬁyaﬁ_ 6,8015'}/! (7) =K 1 , ,
where Cles=gy 2 Parll KKIR(1 KK, (10
"Caﬁy(s: _ i z ® 51, kKR (1,kk )R5(1,KK'), (8) and R';'j; is a transformation matrix, which is defined in the

20 following manner:
and(} is the unit-cell volume. Since in our case no atom of w [E;kk’]—l kk'=1,...s—
. . . ~ _ ey ’

the crystal structure is an inversion center, the 6.5, 2110 k. K'—s (11

where[f:';',‘;]*1 in the inverse matrix of the (8-3)X(3s

TABLE V. Pairs of interacting particles and interatomic distances. L k! , i
—3) matrix an (k,k'=1,...5-1; €=1,2,3; s is the

i Bond r, A number of atoms in the unit céllwhich is defined by the
1 In,—Se 2.62384 expression

2 In;—Se 2.63468

3 In,—Sq 2.69018

4 In;—Sq 2.70891 TABLE V. Experimental values of the frequencies of optical phonons in
5 In,~Se 2.79933 crystalline InSe; determined from the reflection of far-IR radiation with
6 In,—Sg 2.97288 E Lc polarization**

7 In,—Se 3.15856

8 In,—Sq 3.39364 Jp— L0, cm L

9 In,—Se 3.43405

10 In,—S¢ 3.73669 40 42

11 In,—Ing 2.75268 73 76

12 In;—In, 2.77690 97 116

13 In,—In, 3.43762 158 169

14 In,—In, 3.78944 196 209

15 In;—In, 3.83930 223 226
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~

TABLE VI. Experimentat® values of the elastic moduli and values calcu- VA r Y X
lated in model 1(in GP3.

cll C22 C33 C44 C55 C66 C12 Cl3 C23

ikl
|
[}

Exp. 382 665 643 166 26.6 19.0 10.8 304 224
Calc. 399 669 496 180 381 116 9.0 359 158

|

1

Clh = 2 Denll kK. (12) %@%
~ i
The unknown parameterS,_se, @jn_ser Ainzins Xin-in,» and 20k 2 . 5 ]

L
]

\

w, THz

B,3 were adjusted using Eq7) without (model 1) and with
consideration of the correctio&ﬁa[,w (model 2 so that the
calculated elastic moduli would correspond to the experi-
mental valuegTable VI). A combination of direct search
methods and the Gauss—Seidel method was s€tle pa-
rameters obtained for the modes are listed in Table VII.

DA )

4, RESULTS AND DISCUSSION 5 = 22—
: , —
Figure 2 presents the results of a calculation of the pho- - & 3
non spectrum with the parameters of model 1. We wish to ob o v ‘
make several comments regarding the parameters of the 0.5 0.3 01 080 0505 00
Ak, 4.k, Lk,

model and the expected results. As can be seen from Fig. 2,
the phonon SpeCtrU_m of CrySta"me“Bf% contains ’,‘“m‘?rous FIG. 2. General form of the phonon spectrum of crystallinghg along the
low-frequency optical modegnot just hard vibrational most important directions in the Brillouin zone.
modegs; therefore, the correction considered in the static ap-
proximation,éﬁaﬁyﬁ, does not completely compensate the
displacement of the sublattices, particularly the sublatticesificantly exceeded the range of observable IR frequencies,
belonging to different layers. A large system of differential whereas this difference did not exceed 10% in model 1.
equations would have to be solved to fully take it into The symmetry of the branches at the high-symmetry
account® points was determined from the compatibility conditions of

Since the degree of ionic character of the crystal undethe irreducible representations of the wave-vector groups
consideration is small, allowance for the long-range Coulisted in Table VIII, as well as by direct calculation of the
lomb interactions cannot influence significantly the generakigenvectors and determination of their symmetry.
results of the calculation of the phonon spectrum in the fairly ~ Figure 3 exhibits cross splitting of branches of modes of
rough model of central pair forces. the same symmetry. At several points of accidental degen-

The exponential dependence of the parameferpre-
cludes ensuring exact correspondence between the calculated
and experimental values of,, and Cs; simultaneously. TABLE VIIl. Compatibility conditions of the irreducible representations of
Nevertheless, as can be seen from Table VI, there is :satigle wave-vector groups for the(0,0,0), X(/ay,0,0), Y(0m/a,,0), and

. 0,0m/az) points and the X(uq27/a,,0,0) (0<u,<1/2),

factory agreement between the calculated and experlmentgiomzwaz’o) (0< 1, <1/2), andA (0,03277/a3) (0< us<1/2) direc-
values of the elastic moduli. A clear picture of the strongtions.
anisotropy in the dispersion of the phonon branches in the

I'-Z,T'—X, andI'—Y directions can be traced. r 2 A A
The result of the calculation based on model 2 are not, s, A, Ay
presented, since there was scarcely any improvement in thg S, A, A,
agreement between the experimental and calculated values of 22 As As
the elastic moduli, and the calculated frequency range sigIE4 §1 24 24
rz Ej Ai A;

TABLE VII. Calculated parameters of models of the phonon spectrum ofr7 §4 24 ﬁz
3 3 1

crystalline InSe; without (model 1) and with consideration of the internal 8
displacement of sublatticésnodel 2.

X1 2143,

An_ser Q|n_ses Ainzin, QAin_in s Bis, §2 iziis

N/m At N/m Al N/m 1 1724

2 Ap+ Az

Model | 45.1 0.62 8.9 3.7 0.24 Z, A+A,

Model Il 73 0.7 53 6.5 2.5 Z, Az+A,
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Differential scanning calorimetry was used to study phase transi(@fsin the perovskite
BaCeQ. It is shown that its phase state is determined by a second-mrttansition atT, =520
—540 K and a first-orde#b transition atT,,=600—670 K. Differences in PT parameters
between ceramic and fused BaGelave been established.

© 1998 American Institute of PhysidsS1063-783#8)03211-0

The present work is a continuation of our earlier 1. EXPERIMENTAL TECHNIQUES
studie$? of the thermodynamic properties of ceramic and

crystalline (fused BaCeQ samples doped with Gd and Y. We studied ceramic and crystallihéused samples of

Theii in th ials is stimulated by their abili faCeQ. The thermal properties of the samples were derived
e interest in these materials is stimulated by their ability oo, psc curves obtained on a DSC-2 Perkin-Elmer calo-

dissolving sizable amounts of hydrogemate) (up t0 10-15  i\ater in nitrogen during heating and cooling, performed
at.% hydrogep and of acting at high temperatur€800—  om 350 to 750 K at rates of 1.25—40 K/min. The samples
1200 K) as ionic conductors in hydrogen or oxygen, dependyyere preliminarily heated in the calorimeter to 700 K to re-
ing on the actual conditions. High-temperature protonic conmove the metastable exothermal effect. The heat fheat
ductors, including those based on BaGe@re presently a capacity scale was calibrated against the heat capacity of
subject of intensive investigation in areas of applied interestsapphire, and the temperature scale, using the melting points
namely, as fuel elements, for hydrogen production from waof indium (439.78 K, lead (600.65 K), and the solid-state
ter vapor, as hydrogen sensors etc. Baga®d its doped transition in K,SQ, (858.2 K. To increase the sensitivity
derivatives are, however, of a certain interest also for basiand accuracy of determination of the heat effects, the total
research into the nature of phase transiti®$) in perovs- heat capacity of the BaCg®ample under study was com-
kites and the ways for their control. pensated by using amorphous quartz as a referéncthe
Barium cerate is fairly close in structure to barium titan- S€écond chambgr
ate while being different in basic propertiést any rate we
are not aware of publications dealing with the dielectric
properties of BaCe§). BaTiO; and BaCe@ exhibit a cer-
tain sequence of PTs whose temperatures are, on the average, Figure 1 presents DSC curves obtained for BageO
2.5 times higher in BaCe{D180-280-400 K for the titanate samples heated preliminarily to 700 K. The curves are seen
and 530-650-1173 K for the cerate. Besides, the nature ¢&6 contain A and & endothermal peaks in the above-
the PTs in BaCe@has been studied to a much lesser extentmentioned temperature regions. There is no exothermal
and there is even disagreement on the symmetry of the modinetastable feature in the heating curves, and the curves are
fications preceding the cubic phasé We showed also that reproduced under repeated heating. It turned out that the

acceptor doping and thermochemical treatment of B%Ceomagnitude of the thermal eﬁects,_the enthaIp_Mi;, of each
affect considerably its symmetpy. peak do not depend on the heating or cooling rates. At the

same time there is a considerable difference between the

2. EXPERIMENT

Our previous calorimetric studit$of BaCeQ revealed fth b d during heafi
that within the broad temperature range of 400—700 K theréempera.tures 0 t e extrema observe unng hea Akl
nd during cooling T,y for each peak. This difference

are regions where heating produces characteristic thermal et . . i
fects, namely, a broad endothermapeak within the region changes with the temperature scanning (&fg. 2). The ob

served hysteresis can be associated with that of th& P,
0f 430-570 K, and a narrow, but weaker endotherfnpeak and with the thermal inertia of the instrument, i.e. with the

in the 639_7,00 K interval. We did T‘Ot succeed in Qompletesystematic erroAT, because the position of the extremum
characterization of the latter, in particular, the questions cong, 44 endothermT,,,) or exotherm T,;,) of a transition
a min. ’

cerning the true peak temperaturg,), temperature hyster- 1_ in a DSC curve always differs from that of the true
esis ATy), and peak width remained open. A metastableyansition temperaturd,,. This is due to the existence of
exothermal feature observed only in starting samplasd  thermal resistancB, which results in a thermal lag, i.e. a lag
disappearing after repeated heating was detected within thsf the temperature of the sample relative to that of the heater

430-700 K interval. by an amountAT=Tg— Ty. To remove this systematic
The objective of this work was to refine the PT charac-error and isolate the hysteresis of the phase transition, one
teristic for ceramic and fused BaCgO has to apply the following extrapolation procedure.

1063-7834/98/40(11)/4/$15.00 1911 © 1998 American Institute of Physics
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value of T;,, and the difference between the true tempera-
tures obtained under heating and cooling should @iV, .

Figure 2 plots the temperaturés,,, and T,,, against
V2 One readily sees that the experimental pointsTig,
andT ., fit onto straight lines, and their extrapolation to zero
heating rate yields the true temperatures, whose difference
gives the true hysteresisT,, for each sample.

The temperatures obtained for the ceramic and fused
samples from the. peak are 538 and 522 K, respectively.
Taking into account the extrapolation errorpfl.5 K for the
linear relationsT yay min(V) Y2, the true hysteresis was found
to lie from O to 3 K, in other wordsAT,, is less than 3 K,

! \ | . ! \ which is in agreement with previous dafa
400 5a0 600 For the peaks lying in the 630—700 K interval, the hys-
L teresis obtained for the ceramic and fused samples is the
FIG. 1. DSC curves ofl) ceramic and2) fused BaCe@samples preheated SaMe, despite the difference between the true valuds; of
to 700 K. Heating rate 10 K/min. and, as follows from Fig. Zcurves1-4), is AT,=15+1.5
K. Such a small hysteresid5 K) is typical of first-order
phase transitions.

The errorAT made in a transition of a pure compound is  The data obtained on the hysteresis of the peaks, as well
proportional to the heating/cooling raté specific heat of  as their- and 6-shaped pattern, permit one to assign them
the transitiom H, sample masm, and the thermal resistance to the second- and first-order thermodynamic transitions, re-
R’ spectively, which is in accord with available data. For in-

AT=(2m-AH-R-V)2, stance, neutron diffraction showed the transition observed in

the 630—700 K interval to be accompanied by an abrupt

Thus for a constark and samples of equal mass one shouldchange in the BaCeQlattice parameter characteristic of
expect a linear relatiod T (V'%). ForV—0, the difference first-order transitiond This is believed to indicate a transfor-
AT—0, and Tey— Ty . Hence extrapolation of the linear mation of the orthorhombic-11 phase to a higher-temperature
relation Teq (V') to zero heating rate should yield the thombohedral ondlt was also showhthat the temperature
dependence of the BaCgQattice constant undergoes a
break, typical of second-order transitions, at a temperature of
563 K, which is close tdr ., for the DSC endothermal
peaks. This transition is accompanied by a symmetry change
e ———— - v —2 (orthorhombic-I— orthorhombic-I) of the unit cell, and is
] in this case wi i oxygen-

connected in this case with the change in oxygen-octahedron
orientation angle$.

At the same time Raman studies show that the vibrations

Ws of oxygen octahedra defreeze above 427 Khese vibra-
e —— tions were called librations, and the experimentally observed

x 500 b~ appearance of librations was assigned to a second-order PT

o) e |

qo

. —— ———O—

g ——-—_A___A‘L_“_N‘_ with T,=427 K2 It was also pointed out that the DSC and
F 4 x-ray diffraction techniques are insensitive to this transition.
- In actual fact, as is evident from Fig. 1, the low-temperature
E shoulder on the DSC endothermalpeak clearly deviates
=~ from the baseline near 430 K. Thus the DSC method like-
&80 - wise detects the appearance at this temperature of a new
_==_o.__o___—9————-‘6’-’———'——0‘—'f "degree of freedofpwhich absorbs additional energy. More-
* S ,6" over, if one characterizes this transformation as an order-
e — —x 7 R = disorder transition, it appears hardly possible to relate the
— — 35 changes in the mutual arrangement of octahedra, observed
spectroscopically, with the temperature of the phase transi-
5001+ tion as such. Indeed, the possibility of observing the above

structural changes is determined by the sensitivity of the
method, whereas the PT temperature is the temperature at
0 7 v Ly J e § which the energy levels align, and the lattice symmetry
V7L, K e min changes abruptly without any change in the other lattice pa-
FIG. 2. Dependence of.,3,5.7 T and (2.4.6.8 T, of endothermal rameters. The spe_ctroscopic method_ is insensitive to such
peaks obtained ofiL,2,5,6 ceramic and(3,4,7,9 fused BaCe@ samples  features whereas, in DSC curves, this point corresponds to
preheated to 700 K on the heating and cooling rate. the maximum of the endothermal peak.

b
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temperature. The difference in sample texture is a conse-
” quence of the technological factor, whose significance
should not be ruled out a priori. The selectivity of technology
0.241~ in its effect on PT parametefthe A peak temperature is the
same for all samplegequires careful study. At the present
stage of our knowledge one can only conjecture that the ob-
served difference is associated with a different course of
1 chemical processes occurring during the synthesis and
caused by the different temperatures of the latter, namely,
L 1400-1600 K for the solid-state ceramic process and 2400 K
2 for preparation by melting. Arguments for the chemical ori-
gin of the technological factor can be obtained from an
/ analysis of doped BaCeOsamples. For example, doping
4 \k fused samples with yttrium and gadolinium reduces the mo-

%

e ————

016

ac,,31/g-K

0.08 1

lar volume! whereas ceramic samples doped with yttrium
retain their molar volumé,and doping with gadolinium,
conversely, increases™f.
I I ! L As shown earliel;? in gadolinium-doped BaCeQone
“0 450 . 80 observes a decrease in intensity and a shift of the above-
’ mentioned endothermal first-order transition toward lower
FIG. 3. Temperature dependence (@ ceramic and(2) fused BaCe@  temperatures. At a gadolinium concentration in ceramic
samples in the region of the transition obtained from DSC curvésolid samples~ 10%, this endothermal peak was not present in the
lines) and theoreticallydashed ling Heating rate 1.25 K/min. DSC curves at all, and at 20% the low-temperature peak
disappeared too. In the latter case, x-ray diffraction measure-
ments detected the high-temperature cubic phase in BaCeO
It is known that in perovskites and related structures thesamples already at room temperature. A similar pattern was
temperature dependence of heat capacity near second-ord#yserved in yttrium-doped BaCg®@amples, the only differ-
PTs follows a power-law behavioAC, (T)=A (T—Ty) ¢, ence being that there were no thermodynamic transitions,
whereT, is the PT temperaturd is a constant, and is an  and the cubic phase was observed to exist already at an
exponent Figure 3 shows experimental and calculated temyttrium concentration~5%.
perature dependencésC, (T) obtained for the ceramic and The influence of acceptor doping on the perovskites is
fused BaCe@ samples in the vicinity of the transition. The traditionally related to substitution of triply charged ionsYof
parameters used for the calculation ate=0.03 JK/g, or a rare-earth element for the transition-metal ion{(Cim
a=2/3, andT;=535 K. One readily sees that the calculatedBaCeQ), but in a reducing atmosphere self-doping may
and experimental curves measured on the ceramic samptecurl! where part of C&" ions reduce to C&', which has
agree fairly well, with the exception of the temperature in-another charge and another radius. It is this that may account
terval lying in the immediate vicinity of . for the different behavior of ceramic and fused samples at the
Without considering here any particular transition modelé transition. The reducing medium in which the ceramic ma-
connected with a physical interpretation of the order paramterial is prepared produces a larger fraction of Céons
eter, one may assume that theransformation belongs to an compared to induction melting in an air ambient, and, ac-
order-disorder—type second-order transition, in which the oreordingly, the mean radius of the Ce ion in a ceramic is
der parameter is associated with a particular orientation ofarger than it is in a fused sample, and this is what induces a
the oxygen octahedra. Considered on the microscopic scalshift of the & transition toward lower temperatures in the
the parameters of the oxygen-octahedron vibrational motiofatter. Note that the PTs of barium titanate, which is the
in the orthorhombic-Il phase vary smoothly between theclosest analog of BaCeQand whose Ti* ion is smaller in
transitions> radius than C&', are downshifted noticeably on the tem-
Phase transitions in ceramic samples of BagC&@re perature scale. As another illustration, one can present calo-
studied by neutron diffraction and optical spectroscdpy. rimetric data on CeAlg a compound synthesized by the
The agreement of the PT temperatures with the calorimetripresent authors, which may be considered to be the result of
data may be regarded as quite good. One immediately naubstituting of Al for the Ba ions in BaCeQwith subse-
tices, however, the substantial difference betweensttran-  quent conversion of the Al and Ce ions. Despite such a radi-
sition temperatures for the ceramic and fused samples. Be&al change of the starting composition (BaGeQhe DSC
sides, one cannot fit the temperature relatdD, (T) for the  curve of a fused CeAlQsample(Fig. 4) resembles strongly
fused BaCe@ sample in the region of thk transition to a those of the original BaCeQ(Fig. 1) in that in both cases
power law(see Fig. 3. The latter is associated with a differ- one observes two endothermal peaks separated by 130-150
ent polycrystalline structure of the fused BaGeS€ample, K. There is also a substantial difference in that the whole
with crystallites ranging widely in size, and with each of region of the thermodynamic transitions in CeAl® shifted
them having a different 54, Which results in superposition by 200 K toward lower temperatures compared to BageO
of numerous endothermal effects washed out differently in  Thus a DSC study of ceramic and fused BageO
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ing ceramic BaCe@samples.
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A microscopic theory of the appearance of electron-phonon instability and a semiconductor-metal
phase transition away from thermodynamic equilibrium in a Peierls system upon the optical
excitation of electron-hole pairs is devised. An equation which specifies the dependence of the
order parameter of the phase transition and the uniquely related gap width in the electron
spectrum, on the concentratiom of conduction-band electrons is obtained. The critical
concentratiom=n;, above which the semiconductor phase of the system is unstable

toward the transition to the metallic state, is calculated. A comparison with an experiment on the
irradiation of a substrate-supported vanadium dioxide film by a laser pulse is made.

© 1998 American Institute of PhysidsS1063-783#8)03311-3

The Peierls system considered in this paper is a onesf nonequilibrium electron-hole pairs in it. It is assumed that
dimensional chain of atoms, each of which has one outesuch excitation can be caused, for example, by dipole tran-
electron. In the high-temperature metallic phase the atoms isitions of electrons from the valence band to the conduction
the chain are equidistant, and the electronic conduction baniand under the effect of incident laser radiattbrihe ex-
is half-filled. When the temperature reaches a certain criticgberiment in Ref. 15 on the irradiation of vanadium dioxide
value T, during cooling, the metallic phase becomes un-by a laser pulse is interpreted within the theory devised.
stable, and a metal-semiconductor phase transition occurs.

The atoms in the chain theq approach one gnother in b@rsl_ ELECTRON SPECTRUM OF THE SYSTEM

Theoretical results obtained on the basis of the Peierls
model have been used to describe the experimentally ob- Let us consider a chain of atoms, on each of which there
served properties of numerous quasi-one-dimensional matés one outer electron. We write the Hamiltonian of the elec-
rials: complex compounds of platinutiTaS;, compoundg,  tronic subsystem in the tight-binding approximation in the
organic conductor$, vanadium oxide bronzé's,NbSe  following form:*’
materials; etc®>’ In particular, the influence of such factors

as uniaxial compressich, doping?*® phonon-phonon H=> Bynsa(aansiotal,q,an,)
no ' ' ' '

coupling®!! adherence of the VEfilm to a substraté? ad-
sorption, etc-? on the metal-semiconductor phase transition 1
in vanadium dioxide can be explained within this model. + > 2 c(n—m)art(,ar}(; Am 5 An,g s @

It is known that a phase transition away from thermody- n.mo,3
namic equilibrium to a state with a moving charge-densitywhere n is the number of the atom in the chaio==*1
wave is observed in the low-temperature phase of a Peierlapels the direction of the spiB,, 1 is the overlap integral
system in a constant electric field at a certain threshold valugf the wave functions of theth and @+ 1)th atoms,a,

E, of its intensity® This transition can be either second- or and a, , are, respectively, the creation and annihilation op-
first-order, depending on the specific conditions. For exerators of an electron with spim on atomn,

ample, the current-voltage characteristic of Nh8ehibits a 2) _

hysteretic dependence typical of a first-order phase transition U*Im, 5;no) (2)

at T=26.5 K, while there is no hysteresis dt=34 K s the matrix element of a two-particle interelectronic inter-
(Ref. 5. action with the potentiall (.

The behavior of the low-temperature phase of a Peierls For narrow-band system@n particular, for the Peierls
system in response to optical excitation of the nonequilibmode) the distances,, ,.; between neighboring atoms are
rium electron-hole pairs in it was studied experimentally inseveral times greater than the effective raduef the atomic
the case of vanadium dioxidé™ It was shown that at suf- wave function of an electron. In this cas8, .
ficiently high levels of photoexcitation there is a loss of sta-~exp(—r, . 1/R).*® We write the distance,, . ; in the form
bility of the semiconductor state leading to a transition to the B nt1

i ictic ti rnnJrl_rO"'(_:I-) Rf; (3)
metallic state after a characteristic time roughly equal to one '
picosecond. wherer is the interatomic distance in the metallic phase,

This paper proposes a microscopic theory, which deand¢ is the period-doubling parameter of a one-dimensional
scribes the behavior of the low-temperature phase of arystal. With consideration df3) the overlap integraB,, - 1
Peierls system in response to the interband photoexcitatiorakes the form

c(n—m)={(n,o;m,$

1063-7834/98/40(11)/6/$15.00 1915 © 1998 American Institute of Physics
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— n
Brns1 =D &R 1)%0), W B g G(mE L)+ By 1 G(m— 1)
whereb is the overlap integral in the metallic phase<0). aty ' '
In writing (1), the phases of the atomic wave functions were
chosen so thab in (4) would be a real quantity. —-i> c(p—m)(Ta;’y(tl)apvy(tl)am,g(tl)
Using the Heisenberg equation to describe the evolution Py
of a certain operatof (Ref. 17 Xay (o)) + Spmd(ty—to). (8
i % —[H.f] ) Here d,, , and 5(t) are the Kronecker delta anddafunction.

We continue the analysis of E() in the Hubbard ap-
d_proximation, in which only the interaction between electrons
located in the same atom is taken into account, i.e.,

Ja c(M=n)=Coémn- C)
a’:’” =(Bmm+18m+101Bm—1 mam-14) Uncoupling the three-particle correlator (8) using Wick's

theorem'® and introducing the antiferromagnetic ordering
parameterf (0=<{=<1) according to the equation

and using the commutation relations for the secon
guantization Fermi operators, froth) we obtain

in

+n§; c(N—m)a; 5 an s ame- (6) L
' ah am.)==(1+o(—1)"7), (10)
We introduce the Green'’s function of the system under con- {amom.o) 2
sideration in the standard fofth and going over to Fourier space with respect to the temporal
G(m,oty:n,6,t,) = —i(Ta, (tpat S(t2) @ and spatial variables, we obtain a four-compon@eicause
1] ] 1 1 Uy m,o m, ]

of the doubling of the crystal-lattice period in the semicon-
whereT is the chronological ordering operator. Usi{), we  ductor phase of the systerBreen’s matrix
find the following equation for the Green'’s functi¢n) [the

notationG(m,o,t;;n,8,t,) = G(m,n) is introduced for con- G= ( Cu Gl?)'
veniencé: Gy Gax

hw—Co(1l+)/2+2b cosh{&)cog k) — 2ib sinh( &) sin(k)
(hw—col2)2—(coll2)2— (2b cosi &) cog k))2— (2b sinh(&)sin(k))2

Gi(0,k) =G w,k)= (11

The component§,,=G,, are obtained fronf11) using the than the interband relaxation time~10 1! s (Ref. 20.
replacementg— — ¢ andi— —i. Taking into accoun{ll),  Therefore, when the system is irradiated by a light field of
we find the effective one-electron spectregmof the system  constant amplitude, it can be assumed in an approxinfation
c that, within each electronic band, thermodynamic equilib-
gk=ﬁwk=?()i V4b?(cog(k) +sintP(£)) + (coll2)>. rium is established between the electrons and the quasi-
Fermi level corresponding to the respective band. The viola-
(12 tion of the thermodynamic equilibrium between the bands
It can easily be seen that a gap of forbidden energies cagaused by external irradiation is manifested by a difference
form in the spectrun{12) either as a result of doubling the between the corresponding quasi-Fermi levels.
crystal-lattice period £#0 in (3)] or antiferromagnetic or- The approach considered above to the description of a
dering[{#0 in (10)]. Since there is one electron in each system not in thermodynamic equilibrium, consisting of a set
atom, atT=0 the states below the band gap (2) are  of subsystems that are in thermodynamic equilibrium, can be
completely filled with electrons, and the states above it ar@xtended to the case where the incident radiation has an adia-

empty. batically slowly varying amplitudé\ (the change in the field
amplitudeAA during the timer,~10 % s is much smaller
2. EQUILIBRIUM EQUATION than A). This is because the electronic subsystem within

each of the bands manages to completely follow the variation
Let us consider the behavior of the low-temperatureof the field and is, therefore, in a state of thermodynamic
phase of the Peierls system in response to the excitation @quilibrium at any moment in time. This situation is analo-
nonequilibrium electron-hole pairs in it. We assume that thiggous to some extent to the situation usually encountered in
excitation is caused by forced transitions of electrons fronthe description of systems in thermodynamic equilibrium
the valence band to the conduction band owing to, for exwith adiabatically slow variation of the external parameters.
ample, a dipolar electron-photon interaction with the incident  Below we shall confine ourselves to devising a theory
radiation. It is known that the characteristic intraband relaxfor just such a case. We shall not discuss the transient pro-
ation time of electrong,~10 1 s is significantly smaller cesses taking place in the system during a tirge 10”4 s
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upon passage of the steep leading or trailing edge of the light The expansion coefficiem of the free energy . of the

pulse. crystal lattice in a series in the order parametes expressed
The free energy; of the electronic subsystem of tith ~ in terms of the critical temperaturd, of the metal-
band (=1,2) is specified by the relation semiconductor phase transition at thermodynamic equilib-
rium (in the absence of a light fieldand other characteristics
Fi= N —kgT > In 1+exp< MIL_;k ) 13 of the systen$:1? The condition for an equilibrium metal-
K B semiconductor phase transition is a loss of stability of the

metallic phasq 9°F(Ty,£=0)/9¢2=0, whereF is the free
energy of the systeinIn the absence of a light field, the
quasi-Fermi levels of the balance and conduction bands in

whereu; andN; are, respectively, the quasi-Fermi level and
the number of electrons in th¢h band. The summation over
k is carried out within thejth band of the spectrunil2) . spectrum(12) are equal to zerou; ,= = u=0. Hence,

(|k| <2 for j:.l and mr/2<|k| < for .j :2.)' We shall with consideration of17) and(12) we have
henceforth confine ourselves to considering of the case

where there is no antiferromagnetic order[rig=0 in (12)]. gy e
It is known that the characteristic relaxation time of the ~ A=2 |k;¢r/2 a—gztan!‘( 2kBTO)
phonon subsystem,~ 103 s?° Therefore, at times when N
the amplitude of the incident radiation pulse varies only Calculating the sum in(18), in an approximation we
slightly during a time intervalr,~10 '3 s (adiabatically  obtain
slow variation of the external parametdhe phonon sub-
system manages to relax to its state of dynamic equilibrium, —a— 4b_N< In( 7D
which depends on the instantaneous amplitude of the pulse. ™ 2kgTo
In this case the free energy of the crystal lattice can be  From the physical standpoint, it is convenient to con-
described in the harmonic approximation with allowance forsjger the total(including both equilibrium and nonequilib-
the structural distortiong3) by an expression of the follow- riym excitations concentrationn of electron-hole pairs as

(18

£=0

. (19

J+1

ing form: the external controllable parameter. For this purpose, in ad-
dition to (17) we must write the electroneutrality equation of
F.=Fo+ %2 (imms1—10)? (14)  the system, which relatesto the quasi-Fermi levei,
m
N kT M

whereF is the free energy characterizing the lattice dynam- N= 2 Ikgfﬂz tam‘(m) . (20

ics andv is the stiffness factor of the lattice for the static

displacement$3) of the atoms. Formulél4) was written in Thus, Egs.(17) and (12), with consideration 0f(20),

the molecular-field approximationin which it is assumed form a closed system for determining the parameter of the
that the phonon part df, does not depend o&, which is  structural lattice distortiong (3) at an assigned temperature
responsible for the static distortions. From the physicall and concentration of electron-hole pairs
standpoint, this approximation presumes the absence of any
interaction between the dynamiwith a frequencyw#0)
and static(with a frequencyw=0) phonon modes. 3. RELATION BETWEEN THE ORDER PARAMETER ¢ OF

With consideration of3), from (14) we obtain THE SEMICONDUCTOR-METAL PHASE TRANSITION

AND THE CONCENTRATION n OF ELECTRON-HOLE PAIRS

A .
Fc=Fo+ =&, (15) We analyze Eq917) and(20) under the assumption that
2 the Peierls system is a nondegenerate or weakly degenerate
whereA= yNR2. semiconductor:
In order for the system not in thermodynamic equilib- w—2b sinhg<2kgT. (21)

rium under consideration to be in a stationary state of dy-
namic equilibrium, the generalized foréecorresponding to
the generalized coordinatemust be equal to zero:

If EQ. (20) is taken into account, the relatig@d1), which
imposes a bound on the range of variation of the quasi-Fermi
level u, is equivalent to the following approximate inequal-

(R, dF, dF. o 16 ity, which imposes an upper bound on the concentratiof
- IE - IE ™, IE T_ : (16 glectron-hole pairs:
o 8N [kgT sinh&
Hence, taking into account formuld3) and (15), we n< nlzg 5 (22
find
Using Eqgs.(17) and(20), we find an approximate equa-
f=—Aé+2 ; ﬁt m,(sk_'“) -0. (17) tion for the .qrder paramete§ of the metal-semiconductor
K[=r2 9€ 2kgT phase transition:

The expression{17) is the equilibrium equation of the _ N 1 tanfe) — B
Peierls system, which specifies the behavio£ af response Ag—4b ;smk(g)K( 1-tanité) —ncost¢) | =0,

to the excitation of nonequilibrium electron-hole pairs. (23
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3 gap width in the semiconductor phakg~0.6 eV, and the
width of the conduction band in the metallic phdsg~1.2
eV. Then, from(12) and(27) we find

§0~E—2~0.5, ne~4x10%cm 3. (29
The behavior of a vanadium dioxide film on an alumi-
num substrate in response to irradiation by a laser pulse with
a power densityP~7x10® W/cn? and a duration of
n 6x10 2 s was investigated experimentally in Ref. 15. It
was found for an energy of exciting photofigo=1.17 eV
FIG. 1. Schematic plot of the dependence of the order parajetéthe  that VO, passes from the semiconductor state to the metallic
metal-semiconductor phase transition on the total concentratioof state at a timery~ 10~ 12 5 after the onset of the pulse. The
electron-hole pairs. The quantitiés andn. are defined by formula€?).  netgllic phase thereafter remains stable over the course of a
fairly long timet (t>10"° s). If the energy of the exciting
photonsfiwy=2.34 eV, the loss of stability of the semicon-
whereK(x) is a complete normal elliptic integral of the first qyctor phase of vanadium dioxide occurs at a ttmel0 2 s
kind. after the onset of irradiation.

Inasmuch as the concentration of electron-hole pairs T account for the experimentally observed phenomenon
n<N in real physical systems and the order parameter of thg;st described, we numerically estimate the maximum pos-
metal-semiconductor phase transition of such systemsiple temperature changsT in the sample after the applica-
£<0.5 (Refs. 1-6, we obtain the following equation in an  tjon of laser radiation. For this purpose we consider the very

approximation from(23) thin (~1 nm) near-surface, strongly heated region of the
NE (& film with the neglect of heat-transfer processes under the
= 7In(?), (24)  assumption(which is fairly far-fetched for the short times
t<10 '? g) that all the radiant energy absorbed manages to
where be converted into heat. Using the approximate formula
T T A
§O=EeXp‘ arcsw(z) - m] (25) AT= aspAt (29)

is the order parameter of the metal-semiconductor phas&vhere ¢ ando are. respectivelv. the optical absorotion
transition forn=0. @, © p are, resp Y, p p

A schematic plot of(n) with consideration of the con- coefficient, the specific heat, and the density of the film ma-

dition of stability toward spatially homogeneous fluctuationste”al’ andAt is the irradiation timgand adopting numerical

i . values of the parameters that are typical of VQ«
?r;;flsiigrr]der parametef of the metal-semiconductor phase i em ! (Ref. 6, c~1 J(gK). p~10 glond, and At

=171,~10 % 5], we obtainAT~10 K. Taking into account

an that the temperature of the semiconductor-metal phase tran-

,9_§<0 (26) sition at thermodynamic equilibrium in vanadium dioxide
To=340 K, we arrive at the conclusion that at room tempera-

ISI shownhml F'g'.l' .lt IS Seen thathas trlje concentranmn; ture the photoinduced transition to the metallic phase occur-
electron-hole pairs increasesrg, the order parametef o ring after a timery~10~12 s cannot be explained by a ther-

the metal-semiconductor phase transition decreases smoot al mechanism.

to &, where At the same time, the stability of the metallic phase of
Né&g & vanadium dioxide after passage of the entire pulag (
R fc:?- 27 ~ex10 29 is apparently attributable to the fairly high

temperaturel of the film (T>Ty=340 K), since, according

At n; there is an abrupt decrease §nfrom £; to zero(a g formula(29), in this caseA T~60 K.
phase transition to the metallic state We note that, in our opinion, the delay of the
semiconductor-metal phase transition by a titrel0° s
when the energy of the exciting photorisn,=2.3 eV is
caused by the large lifetime, of nonequilibrium electrons
and holes in ther* band®!® which slows the film heating

The numerical value of the critical concentratiop of  process by a corresponding time. Unlike Bugaeal.,'® we
photoexcited electron-hole pairs which initiate theassume that in this case the photoinduced transition to the
semiconductor-metal phase transition in the Peierls systemmetallic phase is caused by a purely thermal mechanism,
can be estimated for vanadium dioxide us{@@). We adopt  sincet, 10" °s>r~10" ' s (Ref. 20 and, therefore, the con-
typical numerical values of the parameters for M@ef. 6): centration of nonequilibrium electron-hole pairs in the
the concentration of vanadium atomNs=7x10?2cm ™3, the  band is negligibly smallrf<n,).

4. NUMERICAL ESTIMATES, COMPARISON WITH
EXPERIMENT, AND DISCUSSION OF RESULTS OBTAINED
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Let us now estimate the concentratiorof nonequilib-  ¢m~2 under the conditions of irradiation by high-power laser
rium electron-hole pairs excited in thieband of vanadium pulses of pico- and femtosecond duratféi®2°
dioxide under the conditions of the experiment in Ref. 15 Thus, the microscopic theory of photoinduced instability
during irradiation of a film by a pulse with a photon energy and the semiconductor-metal phase transition with simulta-
hwo=1.17 eV. For this purpose we use the following ap-neous alteration of the crystal structure in a Peierls system

proximate kinetic equatioff developed in this paper is capable of satisfactorily account-
o P n ir_1g for the set of experimentally observed_ phen_om_ena occur-
— = ——ynd, (300  ring when a substrate-supported vanadium dioxide film is
at hog T irradiated by a short high-power laser puls&he numerical

where y is the nonlinear Auger recombination constant of value estimated from the theory for the critical concentration
the nonequilibrium carriers. (28) of nonequilibrium electron-hole pairs initiating this tran-
Taking into account that the interband electronic relax-Sition coincides in order of magnitude with the value esti-

ation time in VG 7~10"1 s (Ref. 20 and setting mated from the experimental data for Y(Refs. 15 and 2b
y~10~% crf/s [the values ofy for several thoroughly in- and with the results of other studies on the nonthermal

vestigated semiconductors, such as Si, GaAs, etc., vary in tHhotoinduced alteration of the crystal-lattice structure of

; 26
rangey~10~28—1073! cm/s (Refs. 22—2], we obtain the semmondu_ctor%? _
approximate solution of Eq30) Thus, it has been shown in the present work that the

semiconductor-metal phase transition taking place away

1 n3+ngn+n® 1 ’(2n+no> from thermodynamic equilibrium in a Peierls system in an

ngyt= 3 In———"—— T applied constantd=0) electric field of great intensitycan
(No=n) 3 also be observed in the high-frequency optical range (
’( 1 )] #0). In both cases this transition is caused by excitation of
—arcta ,

V3

(31  the electronic subsystem. However, while the appearance of
the collective properties that lead to the formation of an elec-
tron crystal is decisive ab=0 (Ref. 27, at w#0 this phe-
nomenon can also be described successfully in a single-

aP electron approximation, which completely ignores the

(32 electron-electron interactiofor takes it into account within
the Hartree—Fock methad

During the derivation of31) we neglected the linear recom-

bination of electron-hole pairs, since the second term on the

right-hand side of Eq(30) is small compared to the sum of *'E-mail: semenov@quant.suniv.simbirsk.su

the other two terms under the present conditigné?
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Phonon echo in L-alanine
V. V. Lemanov and S. N. Popov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted May 28, 1998
Fiz. Tverd. Tela(St. Petersbun40, 2119-2120November 1998

Phonon echo signals have been observed in a finely-dispersed crystalline powdeL @fldhae
amino acid. Measurements of the relaxation timehave revealed a phase transition in
L-alanine crystals at a temperature of about 170 K. 1@98 American Institute of Physics.
[S1063-783M8)03411-X

Alanine, NH,CHCH;COOH, is one of 20 protein amino vibration phases, which were initially coupled, become ran-
acids serving as the building blocks for the proteins of livingdomized with time to make the vibrations no longer coher-
organisms. Alanine molecules, as all protein amino acident. As a result, the response of the oscillator system damps
with the exception of glycine, can coexist in the form of two out, although each of the excited oscillators continues to vi-
mirror antipodesL and D. Alanine crystals built of such brate. The role of the second pulse is to excite in anharmonic
molecules have rhombic symmetry with space grouposcillators vibrations whose phases will evolve in the oppo-
P2,2,2, (point groupD,).! [Interestingly,DL-alanine crys- site direction. Thus, at timé=2r, the phases coincide to
tals (racematg have Pna2; symmetry* which means that produce an echo signal.
they are polar compounds with point groQp, .] Crystals of The echo signal amplitude varies with timepropor-
protein amino acids are soft, labile objects dominated bytional to exp (27/T,), where the relaxation tim&, is in-
hydrogen bonding. These crystals exhibit a high degree ofersely proportional to the acoustic wave damping in the
structural ordeflow symmetry with a strongly pronounced sample at the given frequency.

spatial dispersiortoptical activity); application of tempera- We used commercidl-alanine powder, finely dispersed,
ture and pressure apparently can induce phase transformehromatographically homogeneous, Pure Grade, with the
tions. content of the main compound not below 98REANAL,

The temperature dependence of NMR spéaral of the  Budapest The 100—200xm fraction used in the measure-
spin-lattice relaxation tim&, (Ref. 3 suggests a phase tran- ments was obtained by screening through appropriate sieves.
sition in L-alanine crystals at 178 K. Raman spectra do nofThe measurements were performed on an IS-2 pulsed NQR
confirm directly the existence of this transitibdt the same  spectrometer interfaced with an Al-1024 multichannel pulse
time the unusual behavior of the intensity of the lowest-analyzer. The sample with a volume of about cwas
frequency phonon modeg2 and 49 crm?) led to the con-  placed in the resonant-circuit capacitor. The rf pulse ampli-
clusion of a mode instability with an activation energy of tude corresponded to an electric field at the sample of
500 K, which appears to indicate dynamic localization ofabout 5 kV/cm. The operating frequengyulse filling was
vibrational energy in the crystal with a dispersion and non-10 MHz, the pulse duration, 6s. The pulse separation was
linearity (the soliton.* The temperature dependence of thevaried from 55 to 165%:s. The pulse-pair repetition fre-
thermal conductivity ofL-alanine single crystals likewise quency was 25 ms.

does not contain any anomalies around 178t this char- The ultrasonic velocity inL alanine is 6.X10° and
acteristic of crystals, in contrast to heat capacity, is known tat x 10° cm/s for longitudinal waves, and>210° cm/s for
change very little in a phase transition. transverse onesln crystals withD, symmetry thexy z yxz,

To obtain additional data on a possible phase transitiomnd zxy piezoelectric coefficients are nonzero, so that an rf
in L alanine, we performed measurements of the temperatumgectric field excites transverse waves. For particles in the
dependence of the two-pulse phonon echo. As is well knowrsample ranging from 100 to 2Q0m in size, the resonant
phonon, or electroacoustical echo consistsf the genera- frequency varies from 10 to 5 MHz, which means that the
tion in a piezoelectric sample, acted upon by two electro-operating frequency of 10 MHz used in our case coincided
magnetic pulses with rf filling separated by a timgof a  with the resonant frequency of 1Q@m particles.
response in a time 2in the form of a pulse of the same Figure 1 presents echo signals generated as the delay
duration and with the same filling. The mechanism of pho-time = between the pulses is varied from 55 to 165 at a
non echo generation in a powder is as follows. The applied rfemperature of 136 K. The exponential echo-signal decay is
pulse initiates, by a reverse piezoelectric effect, vibrations otletermined by the relaxation tinTe . Note that, as far as we
the grains whose natural frequencies lie within the intervaknow, this is the first observation of phonon echo in amino
corresponding to the spectral width of the pulse. The systeracids.
generates a response as a result of a direct piezoelectric ef- Figure 2 plotsT, as a function of temperature within the
fect induced by acoustic vibrations. Because the vibratiorl00—-330 K interval. The tim&, was found by fitting an
frequencies of different excited particles are different, theexponential to the echo-signal envelope. We readily see that

1063-7834/98/40(11)/2/$15.00 1921 © 1998 American Institute of Physics
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FIG. 2. Temperature dependence of phonon-echo relaxationTme

with decreasing temperature above the phase-transition
point, grows rapidly in the region of the phase transition, and
saturates below 150 K.

Thus the totality of available experimental information
(NMR data? spin-lattice relaxation time%,,% and our data
on phonon echo and dielectric properiesnfirm the exis-
tence of a phase transition inalanine crystals at a tempera-

FIG. 1. Phonon-echo signal train obtainedLiralanine powder at 136 K. ture OT about 170 K. E_sftab“s’hment of the me.Char_“smS re-

Frequency 10 MHz, pulse duratiorués, pulse separation varied from 55 to  Sponsible for this transition requires further, primarily x-ray

165us. The scan is gated by the second pulse with aSQdelay. diffraction, studies.
The authors are grateful to V. A. Trepakov for fruitful

discussions.
the relaxation timer, varies very strongly within the 140—
180 K interval. The ultrasonic damping, which is inversely
proportional toT,, changes in this interval approximately !H.J. Simpson and R. E. Marsh, Acta Crystallog®, 550 (1966).
from 0.1 to 0.2 dBLs. Such a strong change in damping ZK.QIZeshah, E. T. Olejniczak, and R. G. Griffin, J. Chem. PI36.4730
Wlthm a narrow temperature m.terval Canr_]Ot be. due to tI’]esl(Dl. Ja(l:kson and R. K. Harris, J. Chem. Soc., Faraday Ti@hs805
lattice damping by the mechanism of AkhieZarhich usu- (1995.
ally is valid for damping in crystals at such frequentiasd 4A. Migliori, P. M. Maxton, A. M. Clogston, E. Zirngiebl, and M. lvee,
is most probably associated with a phase transition. SPhyS- Rev. B38, 13464(1988.

Note that the existence in this temperature region of a (Rl'gg‘QKWOK’ P. Maxton, and A. Migliori, Solid State Commuif4, 1193
phase transition is supported also by dielectric measurementss. N. popov and N. N. Kiaik, Fiz. Tverd. Tela(Leningrad 12, 3022
in the 16— 10°-Hz range. The dielectric permittivity df- (1970 [Sov. Phys. Solid Statk2, 2440(1970)].
alanine crystals undergoes a jump at 176 K by about 15%7A. R. Kessel', I. A. Safin, and A. M. Qol’dman, Fiz. Tverd. Telzenin-
(V. A, Trepakov, private communication grad 12, 3070(1970 [Sov. Phys. Solid Stat&2, 2488(1970].

The echo pulse amplitude at=55us decreases slightly Translated by G. Skrebtsov
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LOW DIMENSIONAL SYSTEMS AND SURFACE PHYSICS

Interband resonant tunneling in superconductor heterostructures in a quantizing
magnetic field

A. A. Zakharova*)

Institute of Physics and Technology, Russian Academy of Sciences, 117218 Moscow, Russia
(Submitted February 3, 1998; resubmitted April 16, 1998

Fiz. Tverd. Tela(St. Petersbung40, 2121—-2126November 1998

The resonant tunneling of electrons through quasistationary levels in the valence band of a
guantum well in double-barrier structures based on Ill-V materials with type-Il heterojunctions is
considered in a quantizing magnetic field directed perpendicularly to the interfaces. The
transmission coefficients of the tunnel structure for transitions from states corresponding to
different Landau levels are calculated using the Kane model. It is shown that transitions with a unit
change in the Landau level indexas a result of mixing of the wave functions of states

with opposite spin orientations are possible on the interfaces due to spin-orbit coupling. The
probability of such transitions can be comparable to the probability of transitions without

a change in the Landau level index for InAs/AlGaSh/GaSh resonant-tunneling structures.

© 1998 American Institute of Physids$1063-783498)03511-4

Resonant tunneling in a quantizing magnetic field istures due to transitions between states with different Landau
widely used to study the features of the quasiparticle spedevel indices without scattering by phonons, impurities, or
trum in low-dimensional structures. Resonant tunneling haglefects. The interband resonant tunneling in semiconductor
been investigated experimentally in double-barrier semiconheterostructures was previously investigated theoretically in
ductor heterostructures in magnetic fields directed both para longitudinal magnetic field in InAs/AlISb/GaSb structures
allel and perpendicularly to the plane of the structtiféThe  with neglect of the quantization of electrons in the strongly
current-voltage characteristi¢B/C's) of resonant-tunneling  doped InAs layers in the magnetic fiéld.
structures subjected to strong quantization in a perpendicular The nature of the oscillations of the IVC in a perpen-
magnetic field can have several segments of negative diffegicular quantizing magnetic field is different for structures
ential conductivity due to the possibility of tunneling transi- with interband and intraband types of tunneling. In resonant-
tions through quasistationary states corresponding to diffefynneling structures based on type-I heterojunctions, such as
ent Landau levels in the quantum well. A longitudinal Gaas/AlGaAs, with size quantization of the electrons in the

magnetic field causes a significant increase in the value Qfmixer, the principal current peak corresponds to all the pos-
the voltage corresponding to the peak current. Current OSCIEible transitions without a change in the Landau level index

lations were observed in the presence of a quantizing mangon tunneling® The additional peaks on the IVC are

g‘z:sjzga%;pfggé%u;i: :L?n:\r:jir:megt?ﬁgtsurzr; tr&;t*\/? S eOflcaused by tunneling transitions between states corresponding
9 YPE-L5 different Landau level indices. Such transitions can occur

heterojunction$® and resonant-tunneling structures with . . : L
: . ) ither with a change in the total quasiparticle energy due to
type-ll heterojunctions, such as double-barrier GaSb/AISb. o . . .
he emission of polar optical phonons or without a change in

InAs structure$.In the latter case the resonant tunneling has . . .
g ergy. In Ref. 4, an analysis of the IVC made it possible to

an interband character, since in these structures electroffs < 9" " . .
tunnel from states in the GaSb valence band through quasigj-'s'“ngJUISh between transitions with a change in the Landau

tationary states in the conduction band of the InAs quantuni€V€! index up to 6. Tunneling transitions between states cor-
well. Interband resonant tunneling was investigated experit€SPonding to different Landau levels without a change in the
mentally in a similar INAS/AISb/GaSbh resonant-tunnelingi0t@l quasiparticle energy were treated theoretically in the
structure with a GaSb quantum well in a longitudinal mag-Single-band model in Refs. 9 and 10. Because of the opposite
netic field in Ref. 7. In the present work the features ofSigns of the effective masses of the states in the contact and
resonant tunneling in a quantizing magnetic field perpendicuthe quantum well, in resonant-tunneling structures with in-
lar to the interfaces are investigated theoretically using théerband tunneling, the peak current values for tunneling tran-
multiband Kane model to solve the Sc¢Hiager equation. Sitions corresponding to each value of the Landau level index
Employment of the multiband model permits not only acorrespond to significantly different values of the applied
faithful description of the interband tunneling processes, buvoltage. This leads to pronounced oscillations of the total
also the discovery of new qualitative features of the tunnelcurrent, which are not associated with scattering procésses.
ing in conventional GaAs/AlGaAs resonant-tunneling struc-Mendezet al® believe that the experimental curves can be

1063-7834/98/40(11)/6/$15.00 1923 © 1998 American Institute of Physics
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explained fairly well under the assumption that the tunneling 1. 2
transitions take place with conservation of the Landau level 0 §Pk+ §Pk+ 0

index and that the additional small peak in a magnetic field
equal to 15 T can be attributed to instabilities in the circuit. \ﬁ
In this paper the transfer-matrix formalism is used to calcuf, , = 3
late the transmission coefficients through resonant-tunneling 2
structures for tunneling transitions from states corresponding \[5
to each value of the Landau level indexboth with and
without the conversation of. Transitions with a unit change 0 0 0 0
in n as a result of the mixing of states corresponding to A2 ~ s
different values oh on the interfaces due to spin-orbit cou- Here k.=i(kc '_ky)/\/i’ , Ke=—1alox,  ky=—idldy
pling are possible in the Kane model. Such transitions car |€/BX/(7ic), k;=—id/dz, eis the charge of an electroo,
lead to the appearance of features not associated with scé?—the SPeed of lightt=;(z) andE, (z) are the bottom' of the
tering processes on the IVC's of both GaAs/AlGaAs struc-conduction band and the top of the valence ba@,) is the

. _ . . . — _ 2
tures and resonant-tunneling structures with interband turneP'N orbit splitting energy, andP 1i%(s|d/ 92| p,)/mo,

neling. In the case of interband tunneling in InAs/AIGaSb/Wheres andpz_are basis states of the conduction and valence
. gands andn, is the free-electron mass. We assume that the
GaSb resonant-tunneling  structures, the calculate

robability of transitions with a change in the Landau Ievelmagne“C fields is directed along the axis, so tha, =B
b oty ANg . . andB,=By,=0. The components of the vector potential are
index is comparable to the probability of transitions Wlthout%

)
Pk. 0 0 0

: ) o efined in the following manneA,=Bx and A,=A,=0.
a change in the Landau level index, and this situation shoul g y D2

" ) e used the same set of basis functions as in Refs. 12 and
lead to additional clearly expressed peaks on the IVC's 0 3, which were assumed to be identical for all layers of the
such structures.

structure, as was the interband momentum-operator matrix
element. We shall disregard heavy-hole states, and we shall
neglect the diagonal terms in the Hamiltonian that depend on
the operatorslij . The latter is possible, if the electron effec-
tive mass in each layer is much smaller thagn

The energy eigenvaluds and the envelope functiong
fre found from the equations

1. THE MODEL

We shall use the envelope-function approximation an
the multiband Kane mod®i to describe resonant-tunneling . _
processes. If the axis is directed perpendicularly to the > Hyy=Ey;, i=12,...8 (4)
interfaces of a resonant-tunneling structure, the Hamiltonian
can be represented with neglect of the free-electydactor ~ AS boundary conditions we use the continuity conditions of

in the form the following functions on the interfaces:
Y1, 24—, Us, 20— . )
- - These boundary conditions conserve the probability flux den-
N Hyo H_- sity through each interface. The solution of the Sclimger
H=| . R , 1) o X
A,. A_, equation in a heterostructure can be constructed, if the set of

eigenfunctions and energy eigenvalues of the electrons in the
materials comprising the resonant-tunneling structures is
known. We write the envelope functions in the form

= @i(X")expikyy +ik,2), (6)
wherex’ =x+#ck,/(|e|B). Substituting(6) into (4), we can

where

2 1 ~ easily obtain two independent equations fey and ¢s,
Ec ! §sz —I §sz Pk which specify the spectrum of quasiparticles with different
spin orientations? For the energy eigenvaluds, , which
2 . .
. i \/;sz Ey 0 0 correspond to the Landau level indaxwe have
+¥= ) +oer + 2
\/I P 0 Ey—A 0 En(fn fg)(EnjLA)—Ei}i:Znﬂ,
[ §sz v P*s(E, +2A/3) S E,+2A/3
P’I\(I 0 0 EV n=0,l, e (7)

2 In Eq. (7) the energy is calculated relative to the top of the
valence band of the layer under considerati@h,=E.
—E,, ands=|e|B/(%c). The energy eigenvaluds, corre-
and spond to the following functions; :
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. __IW2Pk, Pk,
P1 n» P2 \/§E: n» ®3 \/§(E:+A) n» 2 "
_2nP\/§f o _Pys f 2
Pa \/§E+ n-1. ¢5=Y, @s¢ \/€E+ n+1» =
n n E, 1+
PVs &
=——-f , =0. 8 W
P7 \/§(E;’+A) n+1 P8 (8)
Here 0 ——,_J—_—‘_L'_—'__
1 L1 | J

f.(x)=exp—sX22)H,(Vsx), n=0, 0 30 700 750 200
Qo
f.(x')=0, n<O0, ) Position, A

where th_eH n(t) are Hermite po'Vanials- The energy eigen- rig. 1. Band diagram of InAs/AIGaSb/GasSh resonant-tunneling structures.
valuesk, correspond to the functions

2nPy/s 2nPy/s

P17 P27 N= fo-1, @3= V3(E; +4A) fo-1, ues ofk; for these mixed states are determined frém
Transitions with a unit change in the Landau level index and
iV2Pk, spin flip are possible upon tunneling from each such state to

¢4=0, ¢s=fn, @e=-— F n the left of the resonant-tunneling structure.

n For the states of the lowest Landau level with spin anti-

iPk, P\s parallel to the magnetic field we assign in layerj in the

(100  form

= y :—f .
¢7 \/§(E;+A) n (%] \/EE; n+1

— Al ' H H
The tunneling probability is conveniently found using ys=Aalo(X")explikyy ik, z))

the transfer-matrix formalism, which calls for the replace- +szfo(x’)exp(ikyy—ikz]-zj). (12)
ment of the real distribution of the potential by a piecewise- . ) ,
constant distribution. The wave function in each layer in this' '€ 'émaining envelope functions fj?lre ejasny foju+n1d u;@i)lg
case can be represented in the form of a sum of incident anid): @1d(10). Then the coefficient#;, B; andA;™", B;
reflected waves of the ty®), and the boundary conditions '€ related by the equation
assign the relationship between the preexponential factors in AJ'2 A1'2+1
neighboring layers. With consideration of the continuity of (Bj :Mj<Bj+1)- (12
the functions(5) on the interfaces, mixing of states with 2 2
opposite spin orientations corresponding to the Landau levetflere the transfer matriM; for z=z; is specified in the
indicesn and n+1 takes place in a heterostructure. Thisfollowing manner:

!eads to the p035|b|l!ty of tunneling processes with a change 1 (1+Zj)e*ibizi (1—Zj)e*iaizj
in the Landau level index. = _ _ (13
Io2l(1-zpes (1+z)€ePiE |
2. PROBABILITY OF INTERBAND TUNNELING Kz Pj1
Z'E j+1

Let us examine the resonant interband tunneling in ' ijPj ’
double-barrier structures in a quantizing magnetic field per-
pendicular to the interfaces. An example of a structure withnere
an interband type of tunneling is provided by an InAs/ aj=Kyj+Kyjr1,  0;=Kzj—Kyji1, (14)
AlGaSh/GaSb resonant-tunneling structure, whose band dia-
gram neglecting band bending is shown in Fig. 1. In this  Pj=2/E(zj)+1(E(z)+A(z)). (15

resonant—tunnellqg structure electrons Funqel from state's Mere E(z]-)=E— E,(z). Then for the amplitudesé\g, Bg,

the InAs conduction band through quasistationary levels mt%ndAN of the incident. reflected. and transmitted waves we

the valence band of the GaSb quantum well. The spin of th 2 ' '

states in the conduction band with the Landau-level energies

E, is parallel to the magnetic field. The spin of tBg states A2 N AN

is antiparallel to the magnetic field. T states do not mix B0/ = I1 Mj( 0 ) (16)
. . . . . . ]j=0

with states of the opposite spin orientation or with states of

other Landau levels. An electron can tunnel from such a statelere N—1 is the number of subdivisions in the structure.

only into a similar state to the right of the resonant-tunneling  If n#0 or the spin of the tunneling electron is parallel to

structure. Each of theEf{(k;) states mixes with an the magnetic field, the solution of the Schilmger equation

E,.1(k;) state having an energy equalEq (k; ). The val- can be represented in the form of a superposition of the

2
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waves for whichy;#0 or ¢5#0 and which correspond to
Landau levelsn andn+ 1. For such solutions we set

1= AL fo(x")explik,y +ik;jz))

~

A. A. Zakharova

Mj1a= —is(n+1)(Q;— Qj+ )/ (k;P)exp —ic; 7)),
Mj1a= —iVs(n+1)(Q;=Qj+ 1)/ (K;iPexp —ic; 7)),

Mj21= (1=K 1Py 1 /(
Mj2o=(1+Kz;.1Pje1/ (K
M 2= iVs(n+1)(Q;—Qj,1)/(K;;Pyexplic; z),
Mjzs=iVs(n+1)(Q;— Q. 1)/ (k5P explic; z),
Mja=—iVs(Q i~ Qj+1)/(2k,;Pyexp—id; z)),
Mjso=—iVS(Q;— Qj+1)/(2K;;P))exp —id; ),
Mj33:(1+ijHPjH/(kZ’ij))exp(—ibj’z]-)/z,

ijPj))exr(ia]- z)/2,
2iP)expib; )12,

Mjas= (1=K 1P+ 1/ (K, Py))expl —ia; z)/2,
'V|j41=i\/§(QJ —Qj+1)/(2k,;P)expid; z)),
Mja2=1S(Q;— Qj+ 1)/ (2k;;Py)explid; z),
|\/|j43=(1—kz‘jHPj+1/(kZ_ij))exqiaj_zj)/2,

Here

a =Ktk ., bI=ki—Ki.1,
i_k;j_k;]+1’ dji kZJ_kZJ+l’ (21)
Q;=1/E(z)— L(E(z)+A(z)). (22)

Then the amplltudeg\lz, Blz, and A12 of the incident,
reflected, and transmitted waves are related in the followinghe incident wave. Curv@ is the T(E) curve for transitions
manner:

[
-+
[
Q
*ud
-3
o
+BIf () expliky—ikiz) (17) S
1'n yy zj<) /s 8
5= Abf (X)) explik,y +ik;;z) 270
*m
i , . . @
+BLYf (X)) explikyy —ik,z)). (18 é
The remaining envelopes are found with consideration of the @
solutions for them in the bulk materials. We determine the & _,
transfer matrixM;, which relates the coefficient, , and ~ 10 L L L L
B, , in neighboring layers: ’ 50'05 vV 0.06
B _ nergy,e
AJ:I_ A!l-#l
j i+1 FIG. 2. Transmission coefficients of electrons through InAs/AlGaSh/GaSb
B_l =M B; 19 resonant-tunneling structures in an 8-T magnetic field.
2 2,
j i+
BZ BZ A? AN
Taking into account the boundary conditions, we find the B‘f N-1 01
elements of the 44 square matrixM; : A= H M; AN | - (23
2 ]=0 2
Mi11=(1+Ky;4 1 Pj1/(K; Py))exp( —ib; Z)/2, BY 0
M= (1— kZJ+1PJ+l/(kZ'P'))eXF(_iajJij)/27 If the spin of the incident wave is parallel to the magnetic

field, we haveAJ=0 in (23); otherwise, A=0. We define

the tunneling probability for transitions to each of the Lan-
dau bands as the ratio between the probability flux densities
through the interface in the transmitted and incident waves
averaged over the coordinate

1= (IOD). (24)

Herek(l) =1 corresponds to a wave with spin parallel to the
magnetic fieldk(l) =2 corresponds to the opposite spin ori-
entation,

<jg'N>“2nn! |A2’N|2k;o,NPo,N ,
(i9M~2""(n+1)1|AI M %k, nPo.n (25)

wheren is the Landau level index for the wave with spin
parallel to the magnetic field.

3. DISCUSSION OF RESULTS

The calculated dependences of the transmission coeffi-
cients T,, through an InAs/AlGaSh/GaSb/AlGaShb/InAs
resonant-tunneling structure with a quantum well thickness
equal to 50 A and thicknesses of the barrier layers equal to
25 A are shown in Figs. 2 and 3. The same values of the
parameters as in Refs. 12, 13, and 15 were used. Figure 2
corresponds to an 8-T magnetic field perpendicular to the
interfaces, and Fig. 3 corresponds to a 15-T magnetic field.
The voltage applied to the structure equals 0.05 V. Cdrve
in Fig. 2 is a plot of the dependence of the transmission
coefficientT on the energye of the tunneling electron in the
left-hand InAs contact layer for states with=0 and spin
antiparallel to the magnetic field. These states do not mix
with other states, and the transmitted wave also belongs to
the zeroth Landau level and has the same spin orientation as

from states witm=0 and spin parallel to the magnetic field
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Figure 3 shows that the mixing of states with different
spin orientations intensifies as the magnetic field strength is
increased. Curve$-3 in this field correspond to the same
dependences as do cun/ks3 in Fig. 2, but were calculated
for B=15 T. In this case only three types of interband reso-
nant transitions through quasistationary light-hole levels in
the quantum well are possible. Curtein this figure, like
curvel in Fig. 2, has one maximum, since the states with
n=0 and spin antiparallel to the magnetic field do not mix
with other states. Curve2 and 3, which are the plots of
T(E) for interband transitions with conservation and a unit
change of the Landau level index from states withO and
spin parallel to the magnetic field, have two sharp peaks.
Additional tunneling probability peaks can lead to the ap-
pearance of additional peaks on the IVC's of such structures.
We note that the mixing of states belonging to different Lan-
dau levels is appreciably weaker when the voltage on the
structure is zero. We also note that the effects described are
significantly weaker for resonant-tunneling structures with
type-l heterojunctions, such as GaAs/AlGaAs/GaAs
resonant-tunneling structures. However, in this case transi-
tions are possible between states belonging to different Lan-
dau levels without scattering and can lead to features on the

Transmissiton coefficients

-4 dependence of the differential conductivity on voltage.
70 1 1 1 1 i 1 : - . . .
0.05 0.06 0.07 Let us discuss the validity of the approximations used in
Energy,eV the calculations. The approximation of continuity of the in-

terband momentum operator matrix element holds quite well
FIG. 3. Transmission coefficients of electrons through InAs/AlGasb/Gasifor InAs/AlGaSb/GaSb resonant-tunneling structures. Since
resonant-tunneling structures in a 15-T magnetic field. the values of the effectivg factor in the contact layers and

the quantum well for all the examples considered were much

greater than the free-electranfactor, the latter can be ne-
to the left of the resonant-tunneling structure to analogouglected. However, it should be taken into account in GaAs/
states to the right of the resonant-tunneling structure. CurveslGaAs/GaAs resonant-tunneling structures. The interband
3 and4 correspond to transitions from states witkeO and  tunneling current through quasistationary heavy-hole states
spin parallel to the magnetic field to states wite=1 and in the quantum well is generally significant in the structures
spin antiparallel to the magnetic field and vice versa. Curvesonsidered® Interband tunneling transitions through heavy-
5 and 6 describe theT(E) dependence for transitions from hole levels can produce additional peaks onTQE) curves.
states withn=1 and spin antiparallel and parallel to the However, wherB=0, the probability of interband tunneling
magnetic field, respectively, to the analogous states to th® heavy-hole states is comparable to the probability of in-
right of the resonant-tunneling structure. Curgefers to  terband tunneling to light-hole states only when the kinetic
the last of the possible interband resonant transitions, i.eenergy of the final state is fairly small and the amplitude of
from states witm=1 and spin parallel to the magnetic field the longitudinal pulse is larg¥€.In the energy range consid-
to states withn=2 and spin antiparallel to the magnetic ered the mixing of light- and heavy-hole states should not
field. All the resonances in Fig. 2 correspond to the singlestrongly influence the result. However, it should be noted
zeroth size-quantization subband in the energy range consithat with consideration of the finite value of the heavy-hole
ered for light holes in the valence band of the quantum wellmass, light-hole states with the indicesand n+1 and
The probability of interband transitions with a change in theheavy-hole states with the indices-1 andn+ 2 and differ-
Landau level index is appreciably smaller than the probabilent spin orientatiort§ mix in the valence band of the quan-
ity of transitions without a change in the Landau level indextum well whenB+0 in the case of the isotropic Luttinger
for an electron tunneling from states with=0 or to states model or the model used in Ref. 17. The number of such
with n=0. However, as increases, the mixing of states mixed states is equal to four for each valuenah the range
belonging to different Landau levels increases, so that the=1. The interband resonant tunneling of electrons through
probability of transitions with a change mbecomes com- each of these mixed states from the states in the InAs con-
parable to the probability of transitions without a changa in duction band with the inder and spin parallel to the mag-
upon tunneling from states witlh=1 and spin parallel to the netic field or with the index+ 1 and spin antiparallel to the
magnetic field. In addition, curve§ and 7 have two pro- magnetic field is possible in resonant-tunneling structures.
nounced peaks, which are caused by resonant tunneling Thus, interband resonant tunneling has been investigated
through quasistationary states in the quantum well with opin semiconductor heterostructures in a perpendicular quantiz-
posite spin orientation and values mfiffering by unity. ing magnetic field within the Kane model. The transfer ma-
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An analysis is made of a two-electron system of two adjacent quantum(@Bjswith a two-
dimensional parabolic lateral confining potential, and of two coupled or double, spatially
separated QDga “horizontal” and a “vertical” QD molecule, and of their behavior in an
external transverse magnetic field. The ground-state energies and energy spectra of the
system have been determined by various methibiditler—London, molecular-orbital, variational
approach, and numerical diagonalization of Hamiltopiavith inclusion of electron-

electron interaction, and for a broad range of confining-potential steepness, QD-center spacing
(interlayer distance and external magnetic field. @998 American Institute of Physics.
[S1063-78348)03611-9

Progress in nanotechnology stimulated intensive studieparatively straightforward calculations. Note that similar
of new classes of nanoobjects and, in particular, of quanturmethods are applicable to more complmolecule$ as well.
dots (QD). QDs as quasi-zero-dimensional systems are ex-
tremely interesting low-dimension structures. They not only
have device potential for nanoelectronics but are promising HoRrIZONTAL QD MOLECULE
model objects for basic research, namely, as giant artificial
atoms with controllable parameters, such as the form an@ :
steepness of the confining potential, the number of particleé',“eractlon
and characteristic size of their localization region. The form  Consider two electrons, with each of them confined in its
of the confining potential is determined by the method em-otential well of the forrrU=ari2 (i=1,2) (parabolic lateral
ployed to prepare the QD. The hard-wall and parabolic conpotentia), wherer, andr, are reckoned from the closely
fining potentials are used most frequertty. The lateral lying well centers. The Hamiltonian of the system can be
parabolic-potential model was supported by self-consistenuritten
calculation$ and is applicable to QDs obtained by various 52 o2
metho'ds. Present-day technology permits one to obtaln.not A=— —— (A +A,)+ —+a(r§+r§) , 1)
only single quantum dots but entire QD arrays as well, with 2m* elr
each QD in its preset position. Thus_, if a single QD is ANy herem* is the effective electronic mass,is the dielectric
analog of an atonfa quantummechanical analog of the Th-

. : rmittivity, ande is the characteristic steepn f th n-
omson ator then several closely spaced, interacting QDS{?ir?ing potgﬁt?alda S the characteristic steepness ot the co

may be regarded as an artificial giant molecule. The avail- To transfer to dimensionless variables, introduce the fol-

able publications consider primarily single QDs or QD ar-, . ) : ;
) S ._lowing units of distance, energy, and potential steepness, re-
rays, and interdot coupling is regarded as a small correction

resulting in a depolarization shifof the order of 2—4% for spectively:
the systems dealt with in experiment$-° 52 om* et Eo

There are reports, however, of recent experiments with  To=_-— . 0=, 5 5+ %= 5 2

. . 2m*e he ro

closely spaced QDs representing giant analogs of molecules
(we shall call them horizontal QD molecujeand systems wherer, and E, are the radius and binding energy of the
with spatially separated carriers in vertically coupledtwo-dimensional exciton.
QDs°and in coupled and double QOwe call such a We next write the singlet-state wave function in the
system a vertical QD molecule Heitler—London approximation

It appears of interest to consider the physical properties _
of a QD (2D) system as an artificial molecule. We have V=ALYa(r) ho(r2) + ha(r2) p(r)1ea(s1,52) - (3)
analyzed a system of two QDs with two electrons, which iswhere &5 (S;,S,) is an antisymmetric spin function, and
an analog of the hydrogen molecule. In contrast to moleculeg, (r) and i, (r) are the unperturbed wave functions of a
made up of atoms, in a QD molecule the distance betweesingle ~ one-electron  QD, ,,, (r)=(Val/m)Y%xp
the QD centergthe interlayer spacing for a vertical mol- (—\/Er;bIZ). The energy of this state is
eculg is fixed when one constructs the structure. Being the _
simplest representative of objects of this kind, such a system W:4\/Z+[l+exp(—d2\/3)] HQ+J), )
permits one to explore the artificial QD molecule with com-where

. Ground-state energy with inclusion of electron-electron

1063-7834/98/40(11)/6/$15.00 1929 © 1998 American Institute of Physics
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electronic Coulomb interaction, while the electron energy

10.6 contribution in potential well§the ground-state energy of a
single QD increases.
1.2 If the potential steepness (or the effective confining-
potential steepness?, see below and Ref. 14nd the QD
;aa separationd are both small enough, the Heitler—London
method yields an overestimated ground-state energy for the
QD molecule. In this case one can use the molecular orbital
94 method.
Assume both electrons to be confined by a potential
9-00 Uag. In contrast to a molecule made up of atoms, where an

electron feels both nuclei, andl,g=U 5+ Ug, in a QD mol-
eculeUg=min (Ua, Ug), whereU pg= ozr,iB . To estimate

FIG. 1. EnergyW of a horizontal QD molecule vs quantum-dot inter-center the molecule energies by the molecular-orbital method. we
distanced calculated for a fixed confining-potential steepnass5 by the !

Heitler—London methodHL), molecular orbital approach with a modified use an auxmary p_Oteng'aUOZ_ (a/2)2(l’A+2r B)' Setting L_JAB
potential M O), and variational techniquevy. =Ug+AU and using (3 +rg)/2=r-+(d/2), we obtain

ra+ra
AU=a| min(ra,r3)— —) = — adr|cos0|.

2
Q=(J3/w)f rexd — Va(r2,+r2)/2]drdr,, Ford—0, Up—Upg.
s 2 2 We take as trial functions a linear combination of unper-

J— ﬁf exd —Va(ri, + 13+, +r3,)/2 dr turbed electron wave functions in potentid g :

- 1472

o rlz
=(72) a™exp( —a?Ja Pmo(r) = ! /\/—;> l/z(e* Va2
=N(wl2)aexp—a a). Mo o1+ exp— JadZa)]\ 7
The integralQ is found numerically. — 2
Figure 1 displays the dependence of enewyon the +e ). 5

dista}n.ce betwee_n QD centatdfor a fixed steepness of the The corresponding eigenenergies are

confining potentiale=5 (curve HL). The energy falls off

monotonically with increasing spacirtjand approaches as- ad?

ymptotically the doubled ground-state energy of a single QD Eo= 2\a+ 21t exp— Jad?ld)] (6)

Eo=2a, because the electronic wave-function overlap de- “

creases with increasing distance between quantum-dot cefihe spin-wave function of a two-electron system in the low-

ters. est state is antisymmetric and has a singlet ground state, and
Shown in Fig. 2 is the energW as a function of the the approximate wave function can be written

confining-potential steepnesasfor a fixed distance between _

the QD centersi=1.5. An increase of parameterlocalizes V= UmolF1) ¥molr2)€a(S1,52) - @)

the electrons and, thus, reduces the relative contribution ofhus

W=280+|1+|2, (8)

where

2%
da?®(a*d/2)
2[1+exp(— Jad?/4)]

2 Ilzf\l,:’]oAUq,modTldTZZ_

da®* 2exp —Jad?/4)
Vi 1+exp—Jad¥4)'

10 l,= f r* i\I’ dr.d
2 moy moU 71U T2,
12
and® (x) is the error integral.

Ford—0, W—4+/a+ a4/, which corresponds to the
first approximation in Coulomb interaction of electrons for a
. | | | \ . two-electron QD' Figure 1 plots the dependence of energy

0 10 20 30 W on distance between the QD centeadsfor a fixed
o« confining-potential steepness=5, which was obtained us-
FIG. 2. EnergyW of a horizontal QD molecule vs confining-potential INg the molecular-orbital method and an auxiliary potential
steepnesg calculated for a fixed quantum-dot separatibal.5. (the MO curve.
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The variational approach permits one to calculate the 40+
QD molecule energy over a broader range of parameters,
namely, of the QD center spacing and the confining-
potential steepness or B (see below. We took for a trial
function for small values of parameteassandd functions of
the type

hol(r)= e 7, ©)

wherey is a variational parameter.

Figure 1 shows plots of the energy of a QD molecule vs
QD center separatiod for «=5 obtained by the Heitler—
London methodHL), by the molecular-orbital method with
a modified potentialMO), and by variational techniques

(V). Ford>2, the Heitler—London approximation is seen to '

. . o 0 70 20 30 40
be valid. Ford<0.3 the molecular-orbital approximation Py
gives satisfactory results. Variational calculations performed

with the above class of trial functions are applicable forFIG. 3. EnergyW of a horizontal QD molecule vs magnetic-field cyclotron
d<?2 frequencyw,. calculated for a fixed quantum-dot center separatienl.5

and confining-potential steepness-1.

(4

B. Effect of transverse magnetic field

Let now a two-electron QD molecule be in a transverseEN€rgy contribution in the potential wel(the ground-state

magnetic fieldB. The axial symmetry of each QD allows the energy of a single QP Thus the effect of a magnetic field is
use of vector potentiah in symmetric gauge similar to that of a confining potential. Paramei@ris a
’ major parameter of the problem, besides the QD center spac-

A:(]./Z)er |ng d.
We use Eq(2) to introduce dimensionless quantities and ~_ Figure 4 displays the dependence of enegypn 3 for
choose as a unit of magnetic field a fixed distance between the QD centers1.5. The energy
W increases withB to approach asymptotically a linear rela-
(2m*)%e® tion for large 3.
07 432 c. (10 The relative contribution of QD coupling decreases with
o increasing parametef@ andd. For largeB andd, the elec-
The Hamiltonian of the system takes on the form tron localization region is much smaller than the QD center
R iwe @ we)? spacing, so that the QD interaction energy becomes a small
H=- Af1+ Ar2+ R ET TN + a+(7) } correction to the energy of single QDs. For intermediate val-
! 2 ues of B andd, interaction between QDs yields a noticeable
contribution. For bothg and d small, the Heitler—London
X(r24r3)+ ——— (13) i i
T method gives an overestimate for the ground-state energy of

wherew, is the cyclotron frequency.
Next we determine the QD molecule energy in a mag- 401
netic field in the way we have done it before. The effect of
magnetic field reduces to renormalization of the confining-
potential steepnesé.The effective steepness of the confin-
ing potential in a magnetic field will be determined by pa-
rameterB2= a+ (w/4)?. Accordingly, in place of functions
¥, (r) and ¢y, (r) we use the unperturbed wave functions of
a single one-electron QD in a magnetic field = b

30+

B 1/2 )
Pa(r) = thp(r) = (;) e Pz, (12 -
We finally come to 01
W=48+A%(Q+1J). (13) B

Figure 3 plots energyV vs the cyclotron frequency, 1 L L L |
for a fixed distance between the QD centdrs1.5 and pa- ﬁ
rametera= 1. ParameteB grows with magnetic field, which
gives rise to electron localization and reduces the contribugig, 4. Energyw of a horizontal QD molecule vs paramegrcalculated
tion of electron Coulomb interaction with increasing electronfor a fixed quantum-dot center separatibs 1.5.
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of a, w., andd considered here, where the wave-function
overlap is small, the contribution of the van der Waals en-
ergy E, is quite small.

Thus molecular-orbital methods have permitted us to de-
termine the ground-state energies of a coupled QD system
with inclusion of electron-electron interaction for a broad
range of confining-potential steepnesses, QD center separa-
tions, and external magnetic fields.

-0.05

2. VERTICAL QD MOLECULE

We have studied also the energy spectrum of a vertical

R ! ) ; { . , . | QD molecule made up of two vertically coupléar double
0 0 20 two-dimensional QDs separated by a barrier of widtand
@, . . . .
¢ described, accordingly, by two-electron parabolic potentials

2 . . . g
FIG. 5. Dependence of the van der Waals interaction energy for a horizontdt = ar'7 , (rq,r, are two-dimensional in-plane position vec-
QD moleculeE, vs magnetic-field cyclotron frequeney, calculated for a  tors of the first and second QD

fixed quantum-dot center separatids 1 and confining-potential steepness The Hamiltonian of the system can be written
a=1.
H=Hy+Ho+Hin, (18)
where
the QD molecule. In this case one can use the molecular- 52 52
orbital technique. In practice, however, it is very difficult to Hi=———A, +ar?, Hy=-— A, tarj
construct strongly overlapping but still not merging QDs. In 2mg t 2mi 2
the limiting case, two one-electron QDs coalesce to form one )
two-electron QD. The spectrum of a two-electron QD with ST € (19
inclusion of electron-electron interaction can be obtained by nt e(|ry—r,|2+d?)¥2’

numerical diagonalization of the Hamiltonian in the basis of i ) e .
one-particle function&? Introduce dimensionless quantities in accordance with Eq.

We estimated also the van der Waals energy of tWO(2). After a coordinate transformation and separation of the

QDs. The QD is a quantum analog of a two-dimensionafenter-of-mass  from relative electron motiolR=(r,

Thomson atom. The mean dipole interaction energy can bg [2)/2, F=r1—r», the Schrdinger equation reduces to the
following coupled equations:

written
, a
E-S |(k,k'|V]0,0)|? 14 (AR+ER—§R2)¢R=0, (20)
v Wi+ Wy, — Wo—Wj
1
whereW,, Wy, Wy, andW,, are the ground- and excited- A+E, — %r2+ 2—21/2) =0, (2D
state energies of two QDs. The energies and wave functions (re+d9)
of one-electron QDs are E=Eg+E,, (22)
Im+1) . where ¢ (R,r)=¢r (R) ¢, (r). Thus Eq.(20) for the center
= + + — ) R r . g. -
Enm=48| N 2 4 m, (15 of mass has in this particular case the form of the harmonic-
ol 12 oscillator equation. We can write now equations for the
_ i |m+1 m| center-of-mass enerdyg and eigenfunctiongg:
‘pnma,b 77_(|m|_|_n)! :3 ) ra,b
_ U2 [m|+1
Xexr(_Bra,blz)l—lqml(lgrg,b)elmo7 (16) Ean=4(a/2) n+—— —|, (23)
where |_|nm| is the associated Laguerre polynomial. Whence | - 1/2 e 12
H T m|+1 m| o= Va/2R4/2) |m

we obtain IR, T EEY (al2) ) RMe L,

E—-_— 17 X (Val2R?)em? (24)

d®B2(48+ w./2)

The equation for relative motiof21) differs from that
Figure 5 plots van der Waals ener@y, vs magnetic- for the center-of-mass motio20) in the inclusion of
field cyclotron frequencw, for a fixed distance between the electron-electron interaction. In accordance with the symme-
QD centersd=1 and a fixed confining-potential steepnesstry of the problem, the wave function of relative motion can
a=1. We see thaE,<W already ford=1. E, decreases be presented in the forng, (r)="f(r) exp imd), where
with increasing potential steepness and magnetic field, an=0,=1,...; and theradial functionf,(r) satisfies the

well as with increasing QD spacird) Thus within the range equation
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e

Expandf, (r) in the basis of eigenfunctions of the problem
neglecting the Coulomb interaction among electrons:

(\/J)mﬂ)mrlml

2 mZ

__)f

r2

9°f
ar?

1 of
roar

1
(r2+ d2)1/2

ar

2

0.
(25

fnm

(|m|+n)|
X exp( — Val2r2/2)LIM(Jar2r?) (26)
fm:E Chmfnm- (27

The solution to Eq(25) can be found by numerical diago-
nalization of the Hamiltonian in the basis of these functions
The eigenenergies are determined from the equation

del{Vnn,+ 5n,n’(Enm_ Er)}zo ) (28)
where
m|+1
Enm=4\/a/2(n+| |2 , (29
n'n’! 12

Vrr:ln’: ’ !

(n+[m)!(n"+|ml)

n n
)'+l n+|ml|(n +|m|
x2 2 n—i || n'—j

X(alz)(|m|+i+j+1)/21"(i+j+|m|+1)d2(i+j+|m|+1/2)

o
XWli+j+|m/+1, i+j+|m|+3/2;\/;d2). (30)

Herel is Euler's gamma function, ard is Tricomi’s con-
fluent hypergeometric functiori\/nmn, can be conveniently

transformed to
allz { 1/2
21/2,”_

| (n+|m)r(n’ +|ml)!

n'n’!

n n
1 (n+|m[}[{n"+|m|
XiZOjZOW n—i n'—j
- (\/a/2d2) P CR L
XEO ~ (el e
T(1+1/2) a1
T —st12) " (33)

wheres=i+j+|m|. The dependences of the lower energy
levels E, on parametera derived from the solution to
Eq. (28) are presented graphically in Fig. 6.

When« is large enouglithe case of a strong confining
potential or large interlayer spacinghe electron-electron
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7%

FIG. 6. Dependences of the lower level enerdign confining-potential

'steepness for a vertical QD molecule.

the levels(29) of two-dimensional harmonic oscillator, i.e.
they are linear inJ/«, which is readily seen from Fig. 6.

Figure 7 shows the dependence of the low-lying energy
levels on interlayer spacind. The contribution of Coulomb
interaction to the energy decreases with increadirgnd the
energies approach asymptoticalty,,, [see Eq(29)].

APPENDIX A: EFFECT OF TRANSVERSE MAGNETIC FIELD

If a transverse magnetic field is present, one should add
to the Hamiltonian of the system the term

Al
2c

A3
m

Hn=

ihV,A
11+
m

iAV,A
_o 22y

*
e

*
e

*

o m

On separating the center-of-mass motion from the relative
motion of the electron and the hole, one obtains coupled
equations, which differ from Eq$20) and (21) in « being
replaced witha' = a+ »2/16, and inmw/4 being added to
the energy. The dependences of the lower levels of relative-
motion energy on magnetic field are displayed in Fig. 8. The
energies increase with the field and approach asymptotically
4\a'12 (2n+|m|+1)+ w,m/4. In the limit of extremely
strong magnetic fields, the energy levels approach asymptoti-

\_' m=1
sof
L —_— m=0
401
o [
30 R m=1
20fF
- — m=_
[ | L 1 1 1 ! ) N 1
g 10 20
d

interaction is small compared to the other parameters, anflg 7. pependences of the lower level enerdieson interlayer spacing

the energies of relative motioB, approach asymptotically

for a vertical QD molecule.
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17 The d=0 value corresponds to the case of a single quantum
well with two carrierst*

The authors are grateful to Yu. Kh. Vekilov for fruitful
discussions.

Support of the Russian Fund for Fundamental Research ,
INTAS, and the “Physics of Solid-State Nanostructures” is
gratefully acknowledged. The work of N. E. K. was sup-

ported by the ISSEP program for post-graduate students.

ol ' | ‘ ‘ . | . . . . 1F. Geerinckx, F. M. Peeters, and J. T. Devreese, J. Appl. FBi8y=435
0 2 5 v ,19%. .
8 W. Hansen, M. Horst, J. P. Kotthaus, U. Merkt, and Ch. Sikorsky, Phys.
Rev. Lett.58, 2586(1987).

FIG. 8. Dependences of the lower-level relative-motion energy on magnetic®Ch. Sikorsky and U. Merkt, Phys. Rev. Le®2, 2164 (1989.

field B calculated fora=1 for a vertical QD molecule. 4C. T. Liu, K. Nakamura, D. C. Tsui, K. Ismail, D. A. Antoniadis, and
H. I. Smith, Appl. Phys. Lett55, 168(1989.
5T. Demel, D. Heitman, P. Grambow, and K. Ploog, Phys. Rev. I6it.

. 788(1990.

cally the Landau levels, as in the case of the absence of &3. bempsey, N. F. Johnson, L. Brey, and B. I. Halperin, Phys. Rei2, B

parabolic confining potentialcompare, for instance, the _11708(1990.

hard-wall m0d9|.15’16 "A. Kumar, S. E. Laux, and F. Stern, Phys. Rev4B 5166 (1990.

. . . 8A. O. Govorov and A. V. Chaplik, Zh. IBp. Teor. Fiz99, 1853(1991)
For large interlayer spacings(d— ), the energies ex- 5oy phys. JETR2 1037(1993)].

hibit an asymptotic behavior L. Brey, N. F. Johnson, and B. I. Halperin, Phys. Revi@®10647(1989.
, A, Zrenner, L. V. Butov, M. Hang, G. Abstreiter, G. Bm, and
E~2[(a’'/2)(2n+|m[+ 1)+ (wm)/4+ (1/d) G. Weimann, Phys. Rev. Leff2, 3383(1994.
11, v. Butov, A. Zrenner, G. Abstreiter, G. Bmn, and G. Weimann, Phys.
—(4d3Ja'12)7 1. Rev. Lett.73, 304 (1994).
m 2. V. Butov, A. Zrenner, G. Abstreiter, A. V. Petinova, and K. Eberl,

Ford—0, the matrix elemen¥, , tends to the expression Phys. Rev. B52, 12153(1995.

12 13y, D. Kulakovski and L. V. Butov, Usp. Fiz. Nauk65 229 (1995.

n'n’! - Yvya. M. Blanter, N. E. Kaputkina, and Yu. E. Lozovik, Phys. Scripta

; V 539(1996); Yu. E. Lozovik and N. E. Kaputkina, Phys. Scrigta press.

(n+|m)t(n’+[m])! 15Yu. E. Lozovik and A. M. Ruvinsky, Phys. Lett. 827, 271(1997; Yu.

- o E. Lozovik and A. M. Ruvinski Zh. BEksp. Teor. Fiz112 1791(1997

(—1) 1 in+ | m| n' + | m| [JETP85, 979,(1997)]. .

x> > | on-i . 16] V. Lerner and Yu. E. Lozovik, Zh. Esp. Teor. Fiz.78, 1167 (1980

i=o=o 1!

[Sov. Phys. JETB1, 588 (1980].
XT(i+j+|m|+1/2). Translated by G. Skrebtsov




PHYSICS OF THE SOLID STATE VOLUME 40, NUMBER 11 NOVEMBER 1998

"Spherical ” quantum dots
N. E. Kaputkina and Yu. E. Lozovik

Institute of Spectroscopy, Russian Academy of Sciences, 142092 Troitsk, Moscow Region, Russia
(Submitted March 31, 1998; resubmitted May 5, 1998
Fiz. Tverd. Tela(St. Petersbun40, 2134—2135November 1998

Quantum dots with a three-dimensional confining potential, i.e. “spherical” quantum dots, are
considered with inclusion of electron-electron interactiarguantum analog of the

Thomson atom The energy spectrum of two-electron parabolic quantum dots has been determined
by numerical diagonalization of the full Hamiltonian in a one-particle basis.1998
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Recent years have witnessed intensive studies of quan- 1 21+ 1(1—m)!
tum dots (QD) with both two-dimensiona® and Yaim="=—="\| =PI
three-dimension&l’ confining potentials. QDs may be con- V2m 201+ m)t
sidered as a quantum-mechanical analog of a giant Thomson TIT12
atom (two-dimensional or, for “spherical” QDs, three- « (CoSf) 202 !
dimensional. Present-day nanoscale technology permits one 'in+1+1/2)

to control at will such parameters as the form and hardness o1y 14 1s2 5

of the confining potential, the number of particles, and char- xexp(—ar2)r'L 2 (Var?), 4

acteristic size of their localization region. The form of the m ) )

confining potential is determined by the method of QD fab-WhereP;"(x) are the associated Legendre polynomials of the

rication. The most frequently used are the hard-wall and thdSt kind, andr, ¢, and @ are spherical coordinates.

parabolic confining-potential models. The model of parabolic ~ Consider a two-electron QD with a three-dimensional

lateral potential was confirmed by self-consistent cal-Parabolic lateral potential of typel).

culation$ and is applicable to not very large QDs. Introducing the coordinates=r,—r;, R=rp+r; and
This work considers a single QD with a three- @SSUMing ¢ (r1,r2) =4 (r,R)=4; (r) Y= (R), we obtain

dimensional parabolic confining potential coupled equations

02

u(r,0,¢)=ar?, (1) Ar+ ER_ERZHQBR:O- (5

whereq is the confining-potential steepness, and, ande a 1
: : A+|E— 5124 —||#,=0 (6)

are spherical coordinates reckoned from the QD center. r o [r])]¥ "

To transfer to dimensionless quantities, introduce the
following units of distance, energy, and potential steepness: g—_g_+E, . 7

ap=rf%el(2m*e?), Ey=2m*e%(h2?), Equation (5) describing center-of-mass motion allows

exact solution(this is true also for an arbitrary number of
electrons in a parabolic welkee, e.g., Ref.)9lts solutions

ap=Eq/ag, (2 have the form of Eqs(3) and (4) with « replaced by
a'=al2.
wherem* is the effective electronic mass,is the dielectric To solve Eq.(6), expandy, in eigenfunctions of a one-

permittivity, anda, andE, are the radius and binding energy €lectron QD
of the two-dimensional exciton.

The one-electron energy spectrum in a parabolic well is y IE Crimtnim - ®
given by T mmemm
_Ja The energy spectrum of a two-electron QD with a three-
Eni=va(4n+21+3), (3) dimensional confining potential is derived from the equation
wheren is the radial quantum numben£0,1,2 ...), andl det{Vnn1|m+ 5n,n2(En|m— E,)}=0 9

is the orbital quantum numbet=£0,1, ...).
The corresponding orthonormalized system of onewith givenl andm, where the matrix element of Coulomb
particle functions can be written interaction has the form

1063-7834/98/40(11)/2/$15.00 1935 © 1998 American Institute of Physics
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Figure 1 plots the position of the lower energy levels for
relative electron motiolk, vs a. The level energies increase
monotonically witha. The splitting of the levels with differ-
ent sets of quantum numbers,() and (h',l’) such that
n—n’=2(l"—1) results from Coulombic electron interac-
tion (the corresponding one-particle levels coingid€his
splitting is clearly seen in Fig. 1 for the levela€0,l=2)
and h=1,1=2); (n=0,=3) and h=1,1=1). The split-
ting grows monotonically with increasing. For « large
enough, the electron-electron interaction is small compared
to the level spacing in a one-electron problem. In this case
the relative-motion energids, tend asymptotically to energy
Eg (3), i.e. they are linear in/a. This is seen from Fig. 1.

25

g 1 ! 1 i 1 1 L N 1
2 o g 0 The levelsk, for a three-dimensional problem lie above
those for two dimension¥.
FIG. 1. Position of the lower energy levels vs confining-potential steep- Support of the Russian Fund for Fundamental Research

nessa ‘calculatec_J _for two—elgctron sph‘erlcal guantum dots with a_threg—and of INTAS and ISSEP is gratefully acknowledged.
dimensional confining potential. The pairs of numbers at the curves identify

the values of andn.
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Solutions of the dispersion equations for polariton states in finite one-dimensional crystals of
arbitrary length are obtained. The appearance and evolution of the radiative and

nonradiative polariton branches are traced as the length varies from two monomers to limiting
values, above which the spectrum no longer undergoes significant changes. The

dependences of the frequencies and radiative widths on the polariton wave vector are found for
various orientations of the dipole moment of the quantum transition. The evolution of
superradiance as the length of the crystal increases is traced. Some previously unknown significant
features of the polariton spectrum are noted particularly the damping of the branch

traditionally termed nonradiative as a consequence of emission from the end fac4998%

American Institute of Physic§S1063-783@8)03811-§

The spectrum of polaritongmixed Frenkel exciton Modern tools of computer technology provide a previ-
+photon statésin one- and two-dimensional crystals was ously lacking possibility for directly calculating the corre-
first studied theoretically in Refs. 1-3. Strong radiativesponding dipole-dipole sums, whose Fourier transforms ap-
damping of the polariton states was predicted. This effecpear in the complicated nonlinear dispersion equation, and
was, in fact, subsequently detected experimentally in twothese same tools make it possible to solve directly the dis-
dimensional crystaf® and is presently known as persion equation using appropriate software. This permits
superradianc&’ We note that no complications of funda- taking the next logical stéfand tracing the evolution of the
mental significance were encountered in developing theolariton spectrum in a one-dimensional system from a
theory for two-dimensional crystals in Refs. 1-3. However,single monomer to a dimer, then to a chain of finite length,
one question remained open for polaritons in one-and, as a limit, to an infinite one-dimensional crystal.
dimensional crystals. The complicated, highly nonlinear dis- In the present work the polariton spectrum in one-
persion equation for the complex polariton frequencies andlimensional crystals of finite length was found with consid-
wave vectors includes a corresponding integral over the pheeration of the self-interaction of the dipole oscillators, their
ton wave vectors, which converges for two-dimensionalCoulomb interaction in the nonwave zone, the interaction in
crystals, but diverges logarithmically for one-dimensionalthe intermediate zone, and the retarded interaction in the
crystals in the region of large photon wave vectors. Thiswave zone. The calculations were performed for chains with
integral was truncated on a definite basis in Refs. 1-3 at than increasing numbeN of monomers in the crystal to a
wave vectors corresponding to the Brillouin-zone boundarymaximum of N=70. These calculations confirmed, as ex-
Nevertheless, the divergence at large photon wave vectopected, the existence of the previously discovered superradi-
noted was associated with the interaction of dipoles and thance and, at the same time, permitted tracing its emergence
electric field over short distances and with the self-and evolution. A\ is increased, the radiative broadening of
interaction of dipole oscillators interacting with the intrinsic the polariton terms with maximum damping initially in-
electric field. This self-interaction has not previously beencreases ahlly, wherey is the half-width of the emission line
isolated in explicit form. All the calculations in Refs. 1-3 of an isolated monomer, and then tends to the asymptote
were performed in the Fourier wave representation for one=- ymrc/ wga, wherewy is the frequency of the eigenmodes in
dimensional crystals of infinite length, and the calculation ofan isolated monomer and is the lattice constant. Since
the corresponding dipole-dipole sums was difficult. wpa/c<1, the half-width significantly exceedsg, and for

There have been theoretical and experimental investigawo-dimensional crystals the half-width amounts to
tions of the polariton spectra in low-dimensional finite crys-~(c/wqa)?, i.e., is even greater, and corresponds to super-
tals such as) aggregates, superlattices, polymer chainsyadiance.
etc®® The polariton spectrum of a crystal slab of finite At the same time, the calculations revealed features, on
thickness with an arbitrary number of monomolecular crystalwhich attention was not previously focused. The previous
planes was studied in Refs. 8—10. The entire evolution of thealculations of polariton spectra using various approxima-
polariton spectrum as the slab thickness increased from orteons, for example, in isotropic three-dimensional crystals
two-dimensional plane to a three-dimensional crystal wasnd in the mean- and effective-field approximations, yielded
traced in Ref. 10. a broad discontinuous range of frequencies of transverse po-
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lariton frequencies € w<w;, w<w, wWhere w; and w, degenerate and the dipole moment has two possible orienta-
(w¢<w)) denote the poles and zeros of the dielectric functions. We note that the calculations demonstrate the occur-
tion &(w) = (w?— wd)/(w?— w?), which specifies the disper- rence of finite radiative damping /2 of the branch tradi-
sion dependence of the wave vectoon the frequencyk?®  tionally termed nonradiative in the region of the phase plane
=w?e(w)/c? (Ref. 11. In this case the polariton spectrum w<kc. This is associated with the possibility of emission
has two branches, and each wave vector has two corresporidem the end faces of a finite one-dimensional crystal into
ing frequencies. The calculations performed in the preserthe respective hemispheres, which is lacking in a model in-
work show that in one-dimensional crystals with a fixed di-finite crystal. We note that this damping has a clearly ex-
rection for the transition dipole moment each wave vectopressed minimum at the Brillouin-zone center. It should also
has only one corresponding frequency on either the radiativee noted that establishing the exact form of the polariton
(w>kc) or nonradiative <kc) branch. In one- dispersion curves is of great importance for studying the in-
dimensional crystals with nearly orthogonal inclination of teraction of polaritons with phonons and the kinetics of the
the dipole moment relative to the crystal axis the frequenciegransfer of electron excitation energy.

of both the radiative and nonradiative polaritons are concen-  The classical equations of motion for a system of dipole
trated in the continuous bano— |w|<w<wy+|w|, where  oscillators with a frequency at the nodes with the charge

w is determined by the characteristic energy of the dipole€, the displacement,,, and the light-particle mass have
dipole Coulomb interactiohw. As the number of monomers the form™

increases along the seriés=2,3,4...., the twopolariton o
terms with different damping foN=2 (the dimey in this 2_ 24 i . € q'q'— (w?/c?) §;
bounded continuous band evolve into abutting systems with® — ©0 '70“’0)pn_27_rzlu P (02l —ic

an increasing numbeX of k-ordered terms in the radiative
region (w>kc, superradiangeand in the region traditionally
termed nonradiative f<<kc), which have different depen-
dences of the damping dn As the angle of inclination of
the dipoles relative to the axis decreases, the signs of the j j=1,23; ¢—+0; p,=er,. (1)
effective masses at small wave vectors and on the Brillouin-
zone boundary change. At large angles the first is negative, In (1) y,=e€?w3/3uc® is the intrinsic radiative half-
and the second is positive, while the opposite is true at smalvidth, the indication of the direction for circumvention of
angles. In one-dimensional crystals with nearly zero inclinathe poless — + 0 singles out the retarded interaction, arid
tion, as the number of monomers increases fddm2 along  is the component of the vectatqt,q?,g) along the crystal
the seriesN=2,3,4,. .., the twoterms also evolve into a axis. The value ofy, is specified by the imaginary part of the
system ofN k-ordered terms with separation of the abutting classical Green’s functiotk®— (w?/c?) —ie)? appearing on
radiative and nonradiative branches on the light axis. Howthe right-hand side ofl). This finite imaginary part of the
ever, at smalk the frequency and damping of the radiative self-interaction term ff=m) gives the intrinsic radiative
branch decrease sharply with decreasing inclination, and th@amping, while the diverging real pdftultraviolet catastro-
frequency exceeds the band indicated above and tends tphe”) is included in the field mass. Performing the integra-
ward zero frequencies. At the maximum value for our com-tion overq in (1), we can obtain the standard relations for the
putational capabilitiesN=70, only the nonradiative branch dipole interaction energy with isolation of the terms deter-
is observed for zero inclination, and the question of the exmining the instantaneous Coulomb interaction at short dis-
istence of the radiative branch at zero inclination remaingances, the interaction in the intermediate zone, and the re-
open. tarded interaction in the wave zone. For an isotropic three-
We note one important finding. Two terms for the radia-dimensional crystal, the dispersion equation presented above
tive and nonradiative branches with different frequencies andor transverse waves can easily be obtained ffdmusing
coinciding or fairly close wave vectors were not observed inthe standard-function formalism.
any of the calculations from the smallest vaNe-2 to the Determination of the polariton spectrum within the
largest value o, i.e., the previously assumed passage ofguantum theory of radiation requires diagonalization of the
the radiative branch above the nonradiative branch was naorresponding quadratic Hamiltonian of a Frenkel exciton
observed. Each wave vector had one corresponding fre+transverse photon systérior excitons in a nodal represen-
quency on either the radiative or nonradiative branch. Atation. The translational motion of excitons and their interac-
similar situation was previously noted at a definite orienta-tion with transverse photons is specified by the matrix ele-
tion of the dipole moment for a two-dimensional crystal in mentP of the dipole moment operator of the corresponding
Ref. 10. In three-dimensional isotropic crystals with two po-quantum transition from the ground std@® to the excited
lariton branches of standard form, one above the other, costate |f) of an isolated monomer with the enerdyw:
responding situations with orthogonal and zero inclinationP=|{f|er|0)|=e(#/2uwy) Y2 The diagonalization proce-
similar to those noted above for a one-dimensional crystatiure for a quadratic Hamiltonignwhich is not presented
are apparently realized at each valuekptince a triply de- here because of its cumbersomeness, followed by integration
generate dipole-moment transition has “all the directions” over the photon wave vectors with circumvention of the
of the dipole moment. In one-dimensional crystals a similapoles conforming to retardation leads to the following sys-
situation can be observed only if the excited state is doublyem of secular equations correspondingXpfor the energy

x > phexdigi(n—m)J;
m#n
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hw and the wave functions), of polaritons in a one- cedure for solving the equation, which is nonlinear with
dimensional finite crystal ol monomers =1,2,3.... ,N): respect tow, are presently possible only by numerical

5 2 methods.
(0= wg+2i yowg) ¥, For real optical materials the parametega/c is very
200|P|? 1 i walc small and amounts te- 10 32— 10 * (Ref. 2. Therefore, the
= 3 [( 3 2) most interesting features of the polariton branches are ob-
fia> m#n [\ |n-m> |n—m| served for the wave vector&,~wy/c~10"3—10 */a,
(walc)? which are far smaller than the Brillouin-zone boundatia.
X (1—3cog6)— W(l—co§a) For manifestation of the behavior of the radiative brahch,
there must be at least two polariton branches consistirlg of
wa terms arranged equidistantly alokgmust fall in the range
xex;{i = ("M [ ¥m, (2)  0<kj<ko. The conditionm/(N.+1)=wea/c specifies the

critical valueN,~3x10°. WhenN is so large, the calcula-
where @ is the angle of inclination of the dipoles relative to tion time increases dramatically and becomes unrealistic for
the crystal axis and the half-widg=2|P|?w3/3%c%. Onthe  existing personal computers. However, such calculations are
right-hand side of2), the first term [n—m|~3) represents not necessary, since all the features of the polariton spectrum
the instantaneous dipole-dipole Coulomb interaction at shoi¢an be clearly traced for crystals with smaller values\of
distances in the nonwave zone, the second tetm ( Calculations withN,<10? are possible on existing Pentium
—m| %) takes into account the interaction in the intermedi-compyters. Obviously a large value of the basic parameter
ate zone, and the third termin(-m| ") allows for the re- woalc~ wIN,~0.03 is needed to obtain a faithful represen-
tarded interaction in '.[he wave zone. , tation of the polariton spectrum. For the purpose of studying
The orthonormalized eigenfunctions in a systemnof the behavior of a radiative branch with at least 50 terms,

nodes has the form : . .
the calculations of the polariton spectrum Bsincreases

vz ] from N=2 to N, were subsequently performed far,a/c

(k) =\ gz sinkns ki=x3 71 =0.3. The value of the transition dipole moméR{, which
specifies the interaction of the excitons and photons, was
ji=1,2,3, .. ,N. (3)  selected on the basis of the ratio between the width and en-

ergy of the exciton banfP|?/% wya®=0.1, which is close to
The substitution of3) into (2) followed by multiplication by  the experimental value.

¢n(kj) and summation oven leads to the following disper- Figure 1 presents the evolution of the polariton spectrum
sion equation of crystals with nearly orthogonal inclination of the dipole
moment relative to the crystal axis= /3 in the w,k phase
plane asN increases. Figure 1a shows the polariton spectrum
4(1,0||3|2 1 iwalc for N=2. Two terms can be seen: both are in the nonradia-
= mm&m tive region to the right of thev=kc light axis (the dashed
line). The termsw; are depicted in analogy to the represen-

(w?— a)g-l- 2i ywg)

In—m [n—m[?

(walc)? tation of the experimental data by vertical segments with the
X(1-3 cos)— In—m| (1-cogo) absciss&;a (j=1,2,3....,N), which are centered a/a/c
and have a length equal t@ofa/c)l’z. The square-root rep-
. wa . . resentation of the damping is used so that frequencies and
% exp{ e )sm(kjn)sm(kjm). @ dampings of radiative and nonradiative terms differing by an

) ) _ ) order of magnitude would be visually perceived as being
~ The frequencyw appears in the dispersion equati®)  oyghly equal. The corresponding curves are drawn through
in a very complex f_orr?, and the exact complex damp”ed SOthe ends of the segments representing the terms, and the
lutions = w; = w; —i wj with real (v;) and imaginary &j) ¢, drawn through the midpoints of the segments repre-

parts for all, including largelN can be determined from two h ding di ion d d in Fig. 1
coupled equations for the real and imaginary partg4f sents the corresponding dispersion dependence. In Fig. 1a
the half-width of thej=1 term is almost two times greater

only using a powerful Pentium computer with appropriate . .
y gap P pprop than the value ofy for the term of an isolated oscillator,

software. We note that only the infinite sums of kim(n, S ) .
coskn)/n?, and sinkn)/n® with respect ton, which appear which is represented by the thick segment on the vertical

only in part in (4) and only forN—c, can be calculated XIS, and the half-w.idt.h of thg=2 term is significantly
analytically in Eq.(4).13 Of the sums of cogf)/n, sinkr)/n?, ~ Smaller thany. As N is increased, the number of terms in-
and coskn)/n?, which also appear it4), only the first can be creases, and the extreme left-hand terms are displaced to-
calculated analytically, the second is already an untabulate¢fard smallerk in the radiative region, while the right-hand
Lobachevsky function, and the third does not have any anderms are displaced toward the Brillouin-zone boundary.
lytical representation at alf Therefore, the multiple summa- WhenN= 10 (Fig. 1b), only the first { =1) term with maxi-
tions in (4) that have been included in the programmed pro-mum damping has moved into the radiative region. We note
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FIG. 1. Evolution of the dispersion curve and damping of polaritons as the”!G- 2. Evolution of the dispersion curve and damping of polaritons as the
length of the crystal is increased. The angle of inclination of the dipoles'engFh of the crystal is {ncreased. The angle of inclination of the dipoles
relative to the crystal axig= /3. relative to the crystal axig= /6.

as a function o#, the dot-dashed curve in Fig. 1c represents
that this term approachds=0 asN increases, but fails to the terminal portion of the nonradiative branch for crystals
reach it, in contradiction to what was previously assumed irwith 6= #/2. To avoid cluttering the figure, the damping and
several studies. We also note that the damping of tgrms the form of the radiative branch, which have the same fea-
=2,3,...,10 in thenonradiative region remains approxi- tures as those shown in detail in Fig. 1c #o¢ 7/3, are not
mately the same as that fg=2 when N=2. At large  shown for such a crystal. It can be seen that the radiative
N=50 (Fig. 19, where a further increase iN no longer branch is displaced toward lower frequencies, while the non-
significantly alters the results, the polariton terms are repreradiative branch is displaced toward higher frequencies when
sented in the form of segments only in the radiative regiong is reduced. In addition, the maximum damping in the ra-
which is of most interest, and such segments are used for th#tative region, which amounts t@”=1.24ymwc/wga for
smooth nonradiative branch only at eight reference pointsd=n/2, decreases t@"=1.06ywc/wga for 0= =/3 (Fig.
We note that the form of the)j’(kj) curve corresponds to a 1c¢) and drops further a8 decreases.
negative effective mass kt-0 and a positive effective mass Figure 2 shows the evolution of the polariton spectrum
atk~7r/a. This is consistent with the fact that the eneldy asN increases for crystals with nearly zero inclination of the
of the dipole-dipole Coulomb interaction is positive for the dipoles relative to the axisg= 7/6). In this case the energy
inclination under consideration and the exciton bdt(dk) V of the dipole-dipole Coulomb interaction is negative,
=Ey+ 2V coska) has a form of the type shown in Fig. 1c E(k)=E,—2|V|coska), and the signs of the effective
already, for example, in the approximation of nearestimasses ak=0 andk=m/a are reversed in comparison to
neighbor interactions. It can be seen that the damping in thEig. 1. Since the most interesting changes occurring in the
radiative region increases with increasikgand reaches a polariton spectrum in response to increaseN take place at
maximum (superradiangeas the light axis is approached, smallk, half of the Brillouin zone is shown in Fig. 2. Figure
while the frequency drops, as was shown in Refs. 1-3. UpoRa shows only the term with the greatest damping for
crossing the light axis, the damping drops, a&{dkj) hasa N=2 (the second term with< m/a inside the zong When
discontinuity and becomes a nonradiative branch with smalN=10 (Fig. 2b, the number of terms increases, but they
damping. We note that the damping of the nonradiativeremain in the nonradiative region. The damping drops with
branch has a clearly expressed minimum at the center of thacreasing distance from the light axis. Figure 2c shows the
Brillouin zone and that the damping on its boundary ispolariton spectrum foN= 50, which the spectrum no longer
~vl2. The very existence of damping on the branch tradivaries significantly. It is seen that the damping is large on the
tionally termed nonradiative is clearly due to the fact thatradiative branch in the low-frequency region, amounts to
there is a possibility for emission from the end faces of aw”=0.9ymc/wga at the maximum forj=1, and then de-
finite crystal, no matter how long it may be. To demonstrateclines sharply inside the zone upon crossing the light axis.
the character of the variation of the polariton spectrumTo determine the direction of variation in the form of the
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the term with the maximum damping dw. Curvel shows

the dependence df = w;,(wea/cmry) on N for §==/3, and
curve 2 shows the same dependence #&r /6. It can be
seen that the damping varies according t@"a-Nvy law at
small N (the dashed asymptgteAs N increases further,
curvesl and 2 reach the constant valuds=1.24 and 0.8,
which, by themselves, specify superradiance. We note, in
addition, that in Figs. 1 and 2 the damping is represented as
a square-root dependence and that the damping of the terms
in the nonradiative region is significantly smaller than the
limiting values ofI", but is, nonetheless, finite.
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