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Galvanomagnetic characteristics of thg AlSi, solid solutions k<12 at. % have been studied
within a broad range of temperatures (12.890 K) and magnetic fieldsup to 15 T. An
anomaly in the concentration dependence of the Hall coeffidgientx,T=290 K) has been
revealed near the boundary of absolute instabilky 8.5 at. % of compounds in the

Al,_,Si, series. The variation of the Hall coefficient and of the magnetoresistance in thgShl
series at low T<77 K) temperatures is analyzed within models taking into account the
anisotropy in conduction-band electron scattering. 1899 American Institute of Physics.
[S1063-783@9)00101-X

The Al, _,Si, nonequilibrium solid solutions prepared by characteristics of the dissolved element and the actual type of
quenching under high pressufep to 10 GPaexhibit con-  substitution-induced lattice defedts? In the Al(Si) system,
siderable variations in physical properties induced by substithe host lattice disorder is associated not only with the ran-
tutional effects-? It was shown that an increase in the con- dom distribution of the substitutional impurity but with local
centration of silicon dissolved in the fcc Al matrix up to 20 strain-induced changes in the scattering potential as well.
at. % raises the superconducting transition temperature up fbherefore studies of the galvanomagnetic properties of the
11 K [for polycrystalline Al, T,=1.18 K (Ref. 3]. The in-  Al;_,Si, solid solutions may improve our understanding of
crease ofT, by an order of magnitude in the immediate the role played by disorder in an fcc structure, which may be
vicinity of the lattice instabilitf is accompanied by a notice- caused both by Si substitution for Al and by changes in the
able softening of the phonon spectrum in thg AlSi, solid lattice parameters in the vicinity of a structural instability. Of
solutions® Such features observed in compounds having additional interest is the possibility of analyzing the changes
simple crystal structure permit one to consider the_48i,  in the conduction-band parameters and of correlating them
fce solid solutions as a convenient model for studying thewith the characteristics of the system in normal and super-
nature of superconductivity enhancement near a lattice instaonducting states for largeip to 20 at. % concentrations of
bility. the dissolved element.

This matter is of practical importance in connection with  The results of preliminary studies of the Hall effect in
the recent discovery of new classes of superconducting conf\l; _,Siy solid solutions carried out at helium temperatures
pounds, namely, HTSC oxides, organic metals, and supehave already been publish&dThis work reports an inte-
conducting fullerenes, for which the proximity to a crystal- grated investigation of the galvanomagnetic properties of
structure instability is, in most cases, the deciding factor forAl;_,Si; solid solutions within a broad range of tempera-
the onset and enhancement of superconductivity. tures (1.6-290 K) and magnetic fieldéup to 15 T).

The comparatively recent stuli{of a number of physi-
cal properties of the AL ,Si, model sqliq squltions permit- 1. EXPERIMENTAL TECHNIQUES
ted one to connect the observed variations in the charactet-
istics of the superconducting state in these substances with a Samples of Al_,Si, solid solutions with silicon con-
considerable enhancement of the electron-phonon interactidents up to 11.5 at. % were prepared by quenching under
near a lattice instability. At the same time no comprehensivénigh-pressurdup to 10 GPain a TOROID-type chambéf
investigation has been made thus far of the effect of th&he procedures of synthesis, characterization, and prepara-
nonequilibrium state of silicon in a disordered solid-solutiontion for measurements of Al,Si, samples were described
matrix on carrier characteristics. elsewheré&:®’ A 99.9 at. % pure Al sample subjected to ther-

Studies of dilute ¥<0.01) Al-based solid solutions mal and pressure treatments similar to those used in the syn-
showed that the behavior of the Hall coefficient and magnethesis of the samples under study was employed as a refer-
toresistance in weak magnetic fields at low temperatures isnce.
extremely sensitive to the nature of carrier scattering by the  The resistivityp and Hall voltageJ ; of samples shaped
impurity potential, and that it is governed by the specificas cylindrical plates were measured in the van der Pauw

1063-7834/99/41(1)/7/$15.00 1 © 1999 American Institute of Physics



2 Phys. Solid State 41 (1), January 1999 Sluchanko et al.

-2

}-:\
=
8
~
-~
<
N
o
2
U
- N | L AL A SR | T T
12 0 4 g 72
" z,at. % S
- 1.0 R
o FIG. 2. Concentration dependence of théx) coefficient in the Al _,Siy
series for(1) 4.2 K and(2) 77 K.
~-0.8
T —TT T
1 70 00 Al,_,Si, alloys withx=2 at. % do not show any trend

T,k to saturation irp (B?) curves throughout the magnetic-field

FIG. 1. Field dependences of the magnetoresistanc)giressure-treated  fange coveredB<15 T (curve 2 in Fig. 1). Note that a
Al and Alg ¢6:Si0035 S0lid solution in(2) the initial and(3) annealed state. growth in the concentration of dissolved silicon results in a
Th_e_inset shows the temperaturg dependence of the magnetoresistance ggynsiderable decrease in the amplitude of positive magne-
efficientb=Ap/pB? of an Al gagSioss Sample. toresistance. The coefficient of proportionalitp (x)
=Ap/(pB?) derived by fitting the experimental data to a
linear relation in the §, B?) coordinates falls off monotoni-
geometry(see, e.g., Ref. 15 The computer-controlled ex- cally at helium temperature from 1.260°3T~2 for x
perimental arrangement for galvanomagnetic measurements| s at o4 to 7.5 10" 7 T2 for x=11.5 at. %(Fig. 2). The
permitted measuring theandUy, parameters with arelative a6 of variation of the magnetoresistance coefficief) is
error down to 0.1%. The random error was determined byeen 1o decrease noticeably within the concentration interval
the measurement arrangement chosen and varied Wlthtlj\: 3—7 at. % Si(see Fig. 2 It should be stressed that this
5-10%, depending on the actual experimental conditions. concentration interval is characterized only by an insignifi-
The field dependences were studied by means of & Syt decrease of the residual resistivity in the, ABi,
perconducting coil generating magnetic fields of up to 6 Tserie which permits one to assign the observed slowing
(temperature range 1-€20 K), a SOLENOID setup of the  qown in the rate of variation of the magnetoresistance pa-
GPI, a water-cooled, Bitter-type magnet producing fields of 3 meterh (x) to the reduced efficiency of conduction-band
up to 15 T (4.2-77 K), and a water-cooled electromagnet gjectron scattering from lattice defects, which are induced by
for magnetic fields of up to 1.3 T290 K). A detailed de-  jcreasing concentration of the substitutional impurity.
scription of the techniques used to measure the galvanomag- Note also that an anneal-(10 min atT =620 K) initi-
netic properties can be found in Ref. 16. ating total decomposition of supersaturated solid solutions in
the Al,_,Si, series brings about an increase of magnetore-
sistance. After the anneal, the(B?) relation turns out to
resemble the behavior of the magnetoresistance of pure alu-
Figure 1 shows experimental magnetic-field depen-minum and exhibits a trend to saturation in strong magnetic
dences of the resistivity obtained for A]_,Si, composi- fields (curve 3 in Fig. 1).
tions at helium temperature. In the weak magnetic-field do- The positive magnetoresistance of samples heated above
main, magnetoresistanae (B)/p is a quadratic function of the helium temperature also decreases due to the appearance
external magnetic field. AL,Si, samples with low silicon of an additional channel of scattering by phondese the
contents exhibit a tendency to saturation with further in-inset to Fig. 1. The magnetoresistance of ,ALSi, behaves
crease oB. For example, the (B) dependence of pressure- with temperature, on the whole, similarly to the way ob-
treated Al measured at helium temperat{marvel in Fig. 1) served earlier in the dilute alloys Al,Ge, (x<<0.005) and
shows significant deviations from linearity in fiel@>3 T Al;_,Zn, (x<0.002)*® At the same time, one should not
when plotted againsB?. The observed behavior correlates overlook the unusual decrease of magnetoresistance in
with the saturation-type relation typical of pure &ef. 19  Al;_,Si, samples withx>3 at. % as the temperature is low-
and Al-based dilute alloy¥~*2 ered to 1.8 K.

2. EXPERIMENTAL RESULTS
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FIG. 3. Ry (B) dependences for AL,Si, solid-solution compositions
(at.%9: 1 — 0,2 — 1.5,3 — 4.5, and4d — 9.5, as well as fof5) annealed

Al 9355ip 065 Sample. The inset shows temperature dependences of the H
coefficient for (1) pure polycrystalline Al(Ref. 20 and (2) Algg35Siy.065
solid solution.
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FIG. 4. Concentration dependence of the Hall coefficRgtfor Al,_,Siy
solid solutions obtained ak(K): (1) 4.2, (2) 77, and(3) 290; (4) Ry (X)
relation for Al-Si alloys(Ref. 19 and (5) variation of the Hall coefficient

Ry (4.2 K) and(6) Ry(290 K) under successive annealing of the metastable

fiomposition Abe;5Sio oes

changes irRy (B) within the field range covered should ap-
parently be assigned to the small carrier mean free path as a

It should be stressed that unlike the relation specified byesult of strong impurity scattering in Al,Si, compounds.

the Kohler rule (see, e.g., Refs. 8 and JL@he quantity
Ap (B,xX)/p is not a universal function of the ratio
B/p (T,x,B=0), with deviations from this relation becom-
ing particularly pronounced within the 0.86%<0.08 com-
position interval.

The results of an investigation of the Hall coefficidy
of pressure-treated aluminum and of; A}Si, solid solutions

Thus the values oRy measured in this work for AL ,Si,
compositions withx>0.03 in magnetic fields of upto 15 T
correspond to the weak magnetic-field limit. Note that Hall
coefficient measurements on,ALSi, alloys obtained by an-
nealing A} _,Si, compounds for~10 min atT=620 K, a
process initiating total decomposition of the supersaturated
solid solutions, permitted determination of the inversion field

performed at helium temperature in magnetic fields of up tdB;,,=2.1 T (see, e.g., curvé in Fig. 3). Obviously enough,
6 T are presented graphically in Fig. 3. Note the nonlineathe observed decreaseByf, compared to the inversion field

behavior of theRy dependence on magnetic field for Al and
Al _,Si, solid solutions containing up to 1.5 at. % Skee,
e.g., curved and?2 in Fig. 3). The considerable increase of
the sign-inversion field for thR, parametefup to 5.7 T of
the Al sample compared to that for pure polycrystalline A
[for aluminum,B;,,=0.05 T (Ref. 17] should apparently be

for pressure-treated Al should be associated with a partial
annealing of intrinsic defects in the Al-based fcc matrix.

The essentially nonmonotonic temperature dependence
of the Hall coefficient in Al observéd in the weak-field
Idomain(curvel, inset to Fig. 3 stimulated interest in inves-
tigation of the nature oRy (T) variation in the Al_,Siy

assigned to the effects of thermal and pressure treatmenssibstitutional solid-solution series. The typi¢g} (T) rela-

and to an increase in the number of structural defects in
sample synthesized under pressure.

Dissolution of silicon in aluminum causes a further in-

crease oB,,,. Forxg>2.5 at. %, the Hall coefficierR, at

gon obtained in this workcurve 2, inset to Fig. 3 demon-
strates a noticeable decrease of the Hall coefficient with in-
creasing temperature observed to occur in the immediate
vicinity of the helium temperaturddR,/dT~—1.4—2

helium temperature is practically constant in fields of up tox 10~ " m*/(C-K) for T<15 K]. This behavior is typical of

6 T, whereas the absolute valueRy (4.2 K) increases with
silicon content(curves3 and 4 in Fig. 3; see also Fig.)4

Measurements oRy, (B, 4.2 K) performed on the SOLE-
NOID setup for the compositions witk=0.035 and 0.065

all compounds in the AL,Si, series within the Si concen-
tration interval studied. It should be stressed that in contrast
to the results obtainé@ for pure Al, in Al,_,Si, composi-
tions withx>0.01 one did not observe nonmonotonic behav-

showed the Hall coefficient to remain constant within experi-ior of Ry (T) throughout the temperature range studied,

mental error in magnetic fields of up to 15 T.
Because the value &;,, determines the transition from
the weak to strong magnetic-field rangé? the absence of

2<T<290 K (see inset to Fig. )3
At the same time, near room temperature, the concentra-
tion dependence of the Hall coefficient derived from mea-
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surements on AL,Si, samples having different composi- Ru (X, 290 K) dependences within thesdx<8.5 at. % con-
tions was found to be essentially nonmonototiarve 3,  centration region(curves3 and 6 in Fig. 4) should be as-
Fig. 4). For comparison, Fig. 4 presents aRg (x) relations signed, in our opinion, to microscopic-scale differences ex-
for Al,_,Si, compounds measured at heliu and nitro-  isting among samples of the Al,Si, solid-solution system;
gen(2) temperatures. One readily sees that, despite the largéese differences appear in the course of the high-pressure
scatter among the absolute values of the Hall coefficient obsynthesis and the subsequent step-by-step annealing of the
served at helium temperature, tRg (x) relations obtained starting Ab.g155ip.085 cOMposition, in which the latter passes
at T=4.2 and 77 K are fitted, within experimental error, by through a sequence of states corresponding to alloys whose
monotonic curves, whereas the room-temperature Hall coefl1-xSiy matrix contains submicron-size semiconducting Si
ficient depends on Si concentration in;A}Si, in an essen- inclusions. Within this concentration region, one may expect
tially nonlinear manner. The initial decrease Rf, (x) in polyatomic silicon clusters to dominate over single atoms in
absolute magnitude for<3 at. % correlates perfectly with the fcc lattice of the Al solid solutioh.In these conditions,
the results of Ref. 2{curve4 in Fig. 4), to be replaced by a the early stages of solid-solution decomposition involve ap-
growth of |Ry| within the 3<x<7 at.% interval, with a parently local rearrangement of the cluster structure, which
maximum of Ry=3.5x10"* m?/C at x~6.5 at.%. The changes irreversibly the silicon valence-electron configura-
small discrepancies in absolute value of the Hall coefficiention and, hence, the scattering impurity potential.
Ry (X, 290 K) existing between the results of Ref. 21 In later stages of decomposition of supersaturated
(x<0.01) and the present data should be associated, in oéf1-xSi solid solutions(with silicon concentration in the
opinion, with the specific features of our method of high- metallic phase of the Al-Si alloy less than 4 af,%s also in
pressure synthesfs which offers a possibility of consider- Al1-xSiy solid solutions within the corresponding concentra-
ably reducing the vacancy concentration in the samples urion region, the metallic phase is dominated by single silicon
der study?*3 atoms. In this concentration region, the increase of
To obtain additional information on the behavior of the |Ru|t=200 k Observed to occur during annealifigurve 6 in
concentration dependencBy (x,290K), Hall coefficient Fig. 4) correlates with the concentration dependence
measurements in states corresponding to different stages R (X,290 K) in the Al; _,Si, series(curve3 in Fig. 4), and
decomposition of the Aly,Siyos solid solution were per- is apparently caused by the decrease of silicon concentration

formed under step-by-step isothermal annealing. Decompdn the metallic phase accompanying the solid-solution de-
sition of the metastable state in;ALSi, compounds is ac- Ccomposition. The small differences between the absolute val-

companied by depletion of the solid-solution matrix ues of the Hall coefficient can be associated with the disap-
associated with formation of submicron-size semiconducting?€arance of local strains and defects generated in the course
silicon inclusions? In this case the transport properties of an©of quenching under high pressure.

alloy undergoing a phase transformation, in particular, the

electrical resistance, could be expected to be determined not

by inclusions of the semiconducting Si, but rather by perco3. DISCUSSION OF RESULTS

lation over the depleted “low-Ohmic” Al ,Si, solid- ) . )
The galvanomagnetic characteristics of metals in weak

solution matrix, following the variation of silicon content in i fiold q ined bv th . t ol
the metallic phase. This assumption is experimentally sup’F‘a@!”e“C 1elds are etermine y the alzlsotrop.y ot elec-
ronic state scattering at the Fermi surf4¢é* In the isotro-

ported by the observed correlation between the residuaf_ he ol ; e qf
resistivity relationpg (Xg) in the Al-Si series and the de- pic case(the electron mean free paik=cons) and for a

. . . = a _1
crease o, of the Al _,Si, solid solution under annealir§. spr;erl_cgl FRerfm|zsurface, the dr.elat|oﬁs;l— ?FE_ (Inec) '

In these conditions, the silicon content in metallic phase at aﬁp P= ,( ef. 24 corresponding to the ree-e (.act.ron ap-
intermediate stage of Al,Si, solid-solution decomposition proximation are upheld. Thus the_substantlal deviation of the
is derived from the transition temperature to superconductin Hlot_)zltheschlli)XS'x SdOI!d i(_)lutloni frolm Ree=—3.47
state, with due account of the well-knowWn (x) relation for mr/C observed In this work at low temperatures
the Al,_,Si, compounds. attests to the need of taking into account the anisotropy even

Hall-coefficient measurements made under step-by-ste\@ the_ cond_ltlcl)ns_ of stfronglj Impurity scelltter;]ng. 2

annealing of the solid solution reveal a change in the nature  DIF€ct inclusion of galvanomagnetic characteristias

of the Ry (x) relation observed as the temperature is in_made difficult by the lack of quantitative information on the

creased from the heliutcurve5 in Fig. 4) to room tempera- ! I('k)' dependencg. Atthe same time if one mdakesésome sim-
ture (curve 6 in Fig. 4). It should be pointed out that at p|fy|pg assu'mp.tlonts, measyrementsl@,ﬂ an p(B) can
helium temperature the behavior of the Hall coefficient inprovlde qualitative_information on the anisotropy of the

different annealing stages of anykSiy oss Sample follows parameter on the Fermi §urfa%fe|.n particular, the Hall co-
closely the concentration dependen@,|(x, 4.2 K) (see efficient and magnetoresistance can be expressed within the

curvesl and5 in Fig. 4). At the same time, in the course of three-carrier-group mod&f' through the averaged mean
decomposition of the Ale;Sig ees Solid solution, one does frge pgthsl_ andl, . of electrops and holes of the second
not observe, near room temperature, any maximum in thgrIIIOUIn zone, and _ _ of the third-zone electrof§
Ry (x) dependence for intermediate states of the_ASi, AP/POZ(RFEB/PO)ngUs__+|3++)/|3_ , (1)
system(curve6 in Fig. 4).

The observed differences in the behavior of the Ru=Ree(1+gn(IZ_—13.)N1%), 2
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FIG. 6. Temperature dependence of the anisotropy parameters for the

FIG. 5. Variation of carrier scattering characteristics with increasing silicon ) ) .
Al g.9355ip,065 SOlid solution.

concentration in the AL,Si, series obtained at 4.2 K.

whereg,, and g, are coefficients depending on the Fermi-tics for Al,_,Si, solid solutions down to nitrogen tempera-
surface geometrynumerical calculations made for Al-Si al- ture.
loys give for them 50 and 1.875, respectivély An analysis of the temperature dependences of the Hall
The results of the calculations of /1, , andl _/I__, coefficient and magnetoresistance of ag AlSiy oes SAMple
as well as of the anisotropy parameter_/l, , (see Ref. (see insets to Figs. 1 and Biade in terms of modéll) and
12), made using Eqg1) and(2) for T=4.2 K are presented (2) shows that, as the temperature is increased from helium
graphically in Fig. 5. Thd __<I,, relationship is seen to to nitrogen temperature, the anisotropy paramkter/l , ,
be satisfied at helium temperature throughout the A$i, remains practically constaf¥ig. 6). This trend, characteris-
concentration range covered. The growth of silicon concentic of Al,_,Si, compositions withx>3 at. %, indicates ap-
tration in the solid solution up to 2.5 at. % is accompanied byparently that the mean free paths for electronic and hole
an increase of thé__/I_ andl,  /l_ parameters, which states in the third and second Brillouin zones behave simi-
should be assigned to an increasing efficiency of electrotarly with temperature. At the same time the decrease of
scattering at the spherical part of the aluminum Fermi surt__/I_ and |, /I _ with increasing temperaturé-ig. 6)
face. This behavior characterizes apparently the anisotropynplies, in our opinion, that the electronic states at zone
of carrier scattering by single scattering-impurity atoms, andedges interact stronger with the phonon subsystem than the
it is in agreement with the cases of Al-based dilute solidstates in the spherical part of the Fermi surface.
solutions studied earli&f*t Further increase of silicon con- It should be stressed that the three-group model, @&gs.
tent in the solid solutionX(>2.5 at. % entails a monotonic and (2), used in the analysis of experimental data provides
falloff of both I __ /I _ andl, . /1_, as well as of the anisot- only qualitative information on the anisotropy of carrier scat-
ropy parametef__ /1. . . Because this concentration region tering in the A} _,Si, solid solutions:®?*Note also that the
is characterized by formation of polyatomic silicon clustersapplicability of Egs.(1) and (2) within a broad range of
in the fcc latticé and gives rise to considerable distortions in substitutional impurity concentrations is based on the alumi-
short-range structure comparable to the mean-free path, tmum Fermi surface in the objects under study retaining its
observed behavior should be associated with the specific feaspology?* A change in the Fermi surface topology in
tures of silicon atoms in metastable state originating from theil; _,Si, solid solutions may originate both from the nonis-
essential role played by Si—Si-type bonds. It should beovalent character of silicon substitution for Al and from the
stressed that the metastable state of silicon in the metalliassociated change in the parameters of the aluminum fcc
matrix is responsible also for the noticeable deviation of thdattice. At the same time x-ray emission and NMR spectros-
residual resistivity of the AL ,Si, solid solutions from a copy of the Al _,Si, solid solutions suggest that the conduc-
linear behavior forx>2.5 at. %’ tion band and density of states at Fermi level remain practi-
An increase in temperature turns on the phonon scattecally unchanged in the AL,Si, series’ which supports the
ing mechanism and results in effective mixing of electronicvalidity of using the three-carrier group model, E¢b. and
states and Fermi-surface isotropizatfSnA comparison of  (2), in making estimates based on experimental dgigs. 2
the Hall coefficient behavior for pure polycrystalline (tef.  and 4.
20) and Al, _,Si, solid solutiongsee inset in Fig. Bstresses Close to room temperaturd 290 K), inelastic scatter-
the need of taking into account the electron spectrum anisotng mechanisms become dominant, which reduces Fermi-
ropy when calculating conduction-band electron characterissurface anisotropy effects in Al,Si, compounds. In these
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tions. In view of the significant increase of the diffusion
contributionS(x,T) with increasingx (Ref. 25 and of the
anomalous concentration dependence of the Seebeck coeffi-
cient (Fig. 79, revealed in the study of the temperature de-
pendence of thermopower in the;AL Si, series, an adequate
analysis of the variation of carrier characteristics in this sys-
tem requires taking adequately into account EPI effects in
the vicinity of the structural lattice instability.

It should be pointed out in this connection that a com-
prehensive inclusion of the totality of the factors governing
the magneto-transport and thermoelectrical characteristics of
nonequilibrium metals would presently be difficult for a
number of reasons. Indeed, formation of polyatomic Si clus-
ters generates considerable local strains in the fcc structure
of the Al,_,Si; solid solutions. The existence in a doped
metal of such regions having a dynamically disordered lat-
tice gives rise to additional inelastic scattering of conduction
electrons by impurity aton®®, which requires taking into
account interference effects in electron-phonon-impurity
scattering?®2’ On the other hand, inclusion of strong EPI in

z,ut. % Si the atomic-chain model suggedtthat the description of the
properties of the electron and phonon subsystems is possibly
Al;_,Si solid-solution series(b) Variation of the characteristic frequency me_ldg Wlth V.|0|a.t|0n of the adlab?‘tlc app_I’OX.ImatIOI’.l. Th.us the
of atomic displacementsg1 with increasing silicon concentration in the existing difficulties do not permit quantitative estimation of
Al,_,Si, series(Ref. 22: (c) Variation of the Seebeck coefficiel®(x) the characteristics of the Al,Si, solid solutions studied in
under successive annealing of the, AESig ogs Solid solution(1) in the vi- this work.
cinity of the maximum inS(T) and(2) at T=250 K (Ref. 25. To conclude, we have presented the results of a study of
the magnetoresistandep (B)/p and Hall coefficientR, in
nonequilibrium A} _,Si, solid solutions ¥<0.12) per-
conditions, experimental relationsR, (x, 290K) and formed within a broad range of temperatures K76< 300
p (X, 290K) in the Al, _,Si, series can be used to estimate K) and magnetic fieldsB<15 T). Because of the strong
the behavior of the Hall mobilityuy =Ry /p in the single-  impurity scattering in AJ_,Si, compounds withx>0.02, the
carrier-type approximation. Within this approximation, the B variation range covered here satisfies the conditions typical
nonmonotonic Hall-coefficient relatioRy (x) nearx~6.5 of weak magnetic fieldsf7<1). The features observed in
at. % (T=290 K) (curve 3 in Fig. 4 will give rise to a the concentration dependencedp (B)/p(x,T) and
maximum in theuy (X) curve (see Fig. 7a Because the Ry (x,T) for compositions in the AL ,Si, series, as well as
conduction-band parameters are unaffected by increasing 8ie variation of galvanomagnetic coefficients under step-by-
content in A} _,Si, solid solutions, the substantial contribu- step isothermal annealing, which leads to decomposition of
tion to the observed features may be due to a change in tteupersaturated AL, Si, solid solutions, are associated with a
nature of carrier scattering in the vicinity of the spinodal. change in the efficiency of conduction-band electron scatter-

A comparison with a study of the stability region and ing by lattice defects originating from substitution of silicon
decomposition kinetics shows that supersaturated /&,  for aluminum.
solid solutions are absolutely unstable above room tempera- An anomalous behavior of the Hall coefficigiiRy ()]
ture for Si concentrations higher than8 at. %2> As one  corresponding to a substantial increase of the Hall mobility
approaches the spinodal with increasign the Al,_,Si,  of conduction-band electrongy in Al;_,Si, compositions
series, the characteristic atomic-displacement times beconwith silicon contentsx~6.5 at.% has been revealed near
shorter to reach—gl~10‘13 s atx~=8 at. % (Fig. 7b. The  room temperature. The possibility of a correlation between
observed increase in atomic mobility near the concentratiothe variation ofRy (x, 290K) and u (x, 290K) with the
x~6.5 at. % turns out to correlate with the growth of the Hallincrease of atomic mobility under strong electron-phonon
mobility (Fig. 7a and 7h coupling near the boundary of absolute instability in the

Thus based on the models used here approaching th#,_,Si, solid solutions is discussed.
region of instability for an fcc structure with increasing tem- The nature of variation in the conduction-band electron
perature is accompanied by a simultaneous increase of moaean free path with silicon concentration in the; AlSi,
bility in both the atomic and electronic subsystems. An adseries has been analyzed within the three carrier-group
ditional argument for the existence of this correlation in themodel. The results obtained suggest the need of taking into
behavior of the mobilities comes from the considerable enaccount the carrier scattering anisotropy when considering
hancement of electron-phonon interacti@Pl) and an in- the transport characteristics of ;ALSi, solid solutions at
crease in the superconducting transition temperakuneith helium and intermediate temperatures.
increasing silicon concentration in the ;ALSi, solid solu- Support of the Russian Fund for Fundamental Research

FIG. 7. (a) Concentration dependence of carrier mobifityx, 290 K) in the
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The two-dimensional (R) Heisenberg model with anisotropic exchange<(1—-J,/J,) and

S=1/2 is investigated by the quantum Monte Carlo method. The energy, susceptibility,

specific heat, spin-spin correlation functions, and correlation radius are calculated. The sublattice
magnetization ¢) and the Nel temperature of the anisotropic antiferromagnet are

logarithmic functions of the exchange anisotropyr+/1+0.131)In(1/A). Crossover of the

static magnetic structural factor as a function of temperature from power-law to

exponential occurs fofl ./J~0.4. The correlation radius can be approximated k¥ 1/
=2.05T+%®)exp(1.q4)/T). For La,CuQ, the sublattice magnetization is calculatedoas0.45,

the exchange i9=(1125-1305) K; for ELCuQ,J~625 K and the exchange anisotrofty

~0.003. The temperature dependence of the static structural magnetic factor and the correlation
radius above the Ng& temperature in these compounds can be explained by the formation

of topological excitations(spinong. © 1999 American Institute of Physics.
[S1063-783%9)02401-9

Many theoretical works on the two-dimensionald2  conclusions about the ground state based on an investigation
Heisenberg antiferromagnéAF) with a square lattice with of an isotropic model only.
spin S=1/2 have appeared in the last few years. Substantial A number of problems also arise in investigations
theoretical efforts have been made to confirm or rejecof the quasi-two-dimensional compounds ,Ca0,,**%
Anderson’s idea of a quantum disordered ground statthe ~ Er,CuQy,**"?® and SpCuO,Cl,.*" Experimental investiga-
2D Heisenberg model with antiferromagnetic interactions. Intions of these crystals indicate ionic borfdsyhile the or-
a number of works, the critical spin below which there is nodered moment falls in the range=0.4-0.44, which is
long-range AF order af =0 was found to b&,=1—3/2.23 much less than the theoretical es’gimates fbr Bleisenberg
Chakravarty, Halperin, and Nels8nysing the renormali- AF o=0.6-0.64?° Above the Nel temperature, up to
zation-group method and the nonlinearmodel in 2+ 1 (_1.5—2)TN, there exist strong tw_o—dime_nsional spin (_:orrela-
space, obtained long-range AF ord&RO) in the ground tions so tr_lat the correlation radius varies exponentially, for
state. They neglected the Hopf tergH o, 6=27S),° exampzlae, in LaCuO, from 40 A. at 450 K up to 400 A at
which can change the magnetic state substantially. The the¢90 K.~ while the static magnetic structure fac(Q) var-

fies with topological invarianfsdo not assume long-range ies with temperature very slowly, which also does not agree

order in the ground state. A similar result is obtained in theWith theoretical calculations predicting exponential behavior

T2 a 4 H
monograph Ref. 7 where, on the basis of the Lieb, Schultzf(Q,\)l_ngoeXp((j I’_A‘”g 0 |3r11 T[tr;]e |_soSst_rli</:;uraId Sc‘:/ozmpciunds
and Mattis theorerfi,it is asserted that the two-dimensional ~22'\' 24 alnl -2 ﬁ 4 tWI ipm - b an di iha wo—t
spin-1/2 Heisenberg antiferromagnet possesses a grouﬁjgnensmna sing phase transition 1S observed In the neutron

state which may turn out to be non-&leand can have either scat?ermg |'nten5|ty near 1.0g, in .complete analogy with
; . K,NiF, which possesses magnetic anisotropy of the same
broken translational symmetry or gapless excitations.

. . order of magnitude as L&uQ,. The magnetic susceptibility
Most exact calculations for small latticesx4t and .
) : _ T) in these compound® at temperatured > T,, demon-
4%6 give AF ordering 1 with energyE/NJ=067-0.7. XD P P N

: i s ) strates anomalous temperature behawie a very smooth
Advances in computational technology make it possible tc{emperature dependence in the regiap< T<(1.5—2)T
use large lattices withl=26 and 32>*which give asymp- Y

) - 1 ] ¢ and an inflection in the temperature dependepCE) at the
totic vanishing of the long-range antiferromagnetic order asjmit of this interval. Therefore the magnetic moment of the

~1/N. Monte Carlo(MC) modeling makes it possible to use ¢opper jon and the temperature behavior of the spin correla-
lattices ranging in size from 2020 to 128<128.7!*These  {jons aboveT,, are unique and cannot be explained on the
calculations, which use a variational algoritimand the pasis of existing theoretical calculations in B Heisenberg
renormalization group’?°likewise give the existence o2  model with S= 1/2.

AF andT=0. The type of magnetic state calculated on the  Thus, two important problems can be identified from the
basis of variational methods depends on the choice of thgsview presented above. The first problem is the unknown
initial (trial) wave function and, in some cases, it gives nonature of the ground state of @2AF. Quantum fluctuations
long-range order in magnets. Trajectory MC metHod$?!  that can completely destroy long-range order are very sub-
employ finite temperatures, and it is difficult to draw any stantial because of the low dimension of the space and the

1063-7834/99/41(1)/5/$15.00 103 © 1999 American Institute of Physics
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low spin. The second problem is to explain using the Heisen- a ,
berg model with nearest-neighbor interaction and to estimate -0.601 *a
the magnetic moment, temperature dependence of the sus- s 1 ..:
ceptibility, and static magnetic structure fact®(Q) for T *2 " g |
>Ty in quasi-two-dimensional compounds based on copper 2 . * -_'0 o8 a1 .{
ions with spinS=1/2 without using additional interactions. N-0.641 o *2
W o 9 2 afe

In the present paper we use the quantum Monte Carlo Sz
method employing a trajectory algoriththThe basic idea of * :: . ~0.68,> 0> 0.3
the algorithm is to convert the quantubadimensional prob- . , T/, '
lem to a classicall + 1)-dimensional problem by introduc- ~0.68 0.2 0.4 0.6
ing “time” cuts in imaginary time space € 7<1/T and to T/d
implement an MC procedure in the “imaginary time — co- ' ¥ b
ordinate” space. G :g . o .

081 A A A, : e . .

1. MODEL AND METHOD I AL .

Let us consider a Heisenberg anisotropic AF with anti- G .. . A
ferromagnetic nearest-neighbor interactiod<<Q) on a 0.6 ‘0.69 """ "'5. .
square lattice whose sites are occupied by s@ird/2 di- "
rected along th@©Z axis in the direction of the external field. 0.66 P *
The Hamiltonian has the form 0%r g 0.;_0.2 03 a

14 & 0 0.2 04 777
QL
H=- E hgl 21 {‘]U(h)si S|+h+~]x'y(h) FIG. 1. Temperature dependences of the en&fdyJ of an anisotropic AF

with A=0.02(1), 0.0752) and an isotropic ARinset: A=0.0m=32(1),
N 16(2)) (a) and the sublattice magnetizatienof an AF with A=0.051),
X(SSK, , +9Y — HZ Z, (1) 0.152), 0.253) (b). Inset: The dotted lines show the power-law functions
(SSint SIS} 121 S E=—0.682() +0.3512%2) (3) and o =0.70(3)- 3.(4)T*? (b).

whereA=1-J%Y/J? is the easy-axis type exchange an-
isotropy,H? is the external magnetic field, amis the total
number of spins. MC calculations cut off the region of long-wavelength exci-
The MC algorithm and computational method have beeﬁations at the wave numbé&r~ 7/L and limit the minimum
described in detail in a previous wotkThe Hamiltonian is ~ €xchange anisotropy, which satisfigd > /L. Under this
divided into four-spin clusters on a placquette and the comcondition the contribution of long-wavelength excitations to
mutation between the clusters is taken into account by Trotthe thermodynamics will be exponentially small.
ter's relation. In the present paper, periodic boundary condi- ~We shall calculate the temperature dependences of the
tions in the Trotter direction and along the lattice are used irenergy, sublattice magnetization, and spin correlation func-
the MC procedure. The linear size of the lattice istions for a number of exchange anisotropy constants
L=40,48,64, and 80 anmth=16, 32, and 48. The number of A4=0.005. The typical dependences are shown in Fig. 1. At
MC steps per spin ranges from 3000 to 10000. One MC stefpW temperatures, less than the gap between the ground and
is determined by rotating all spins onlaxLx4m lattice. ~ excited stateT<4SJJA(1+A), we extrapolate the com-
The following were calculated: the enerdy, the specific ~puted guantityA using a power lawA=A(T=0)—aT#?
C=dE/dT, the magnetizationM, the susceptibility in (shown by the dotted line in the inset in Fig) and an
an external fielgy=M/H, the pair and four-spin correlations €xponential lawA=A(T=0)— aexp(—p/T) with three ad-
in the longitudinal and transverse spin componentsjustable parametera,3, and A at T=0. The extrapolated
their Fourier spectrum, the sublattice magnetizationvalues ofE and(S*(0)S*(r=1)) for an anisotropic AF in
o=lim,_..\Jabs(S}S?)), and the correlation radius from  the ground state are shown in Fig. 2. The dependence of
the approximation of the spin correlation function as these quantities on the exchange anisotropy can be approxi-
mated by the functiolA=A(A=0)=* 1/exp@/AP) with the
R(r)=A/r7exp(—r/§), (2 adjustable parameters, 8, and A(0). The corresponding
where R(r) is the normalized correlation functioR(r)  parameters are: for the energy-1.61(7), 8=0.2§5); for
=|(SH0)SYr))|—(SH)2. the correlation functions (S%(0)S*(r=1))a=2.(1),
B=0.1657). The energy of the B isotropic Heisenberg
model in the ground statee=—0.684(6) agrees well
with the energy obtained by exact diagonalization
We shall determine the energy and spin correlation funcE=—0.68445'2 The spin-spin correlation function
tions of an isotropic AF in the ground state by two methods{S*(0)S*(r=1))=—0.120(4) agrees quite well with the re-
asymptotic continuation of these quantities determined for asult (S?(0)S*(r=1))=—0.1144).1*
anisotropic AF withA=1-J%Y/J*—0 and for an isotropic The sublattice magnetization can be interpolated by the
AF with T—0. The finite lattice dimensions employed in the logarithmic law 16=1+0.131)In(1/A) (Fig. 3. In the in-

2. DISCUSSION
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a
~0.5F '.".,.-u 0.1 'A:&n\ a Ll b
o — E L) : ;
) o 2 A ® -
3 - L l" ~ a7 4 o .:o.
S 06 o Eooer |, a ~ T "o,
L] > 2 -3 e,
N A ~ .,
a7l : ‘ © ] e,
o 0.4 0.8 X o.07F LaT
1‘\7 /J 1 1 i - 1 L i i
o 0.2 0.6 7.0 2o 10 20 30
-0.12F b T/7- r/a
~ ks FIG. 4. Correlation functions with respect to the longitudinal components
~_ i for AFs on 40<40(1), 64X 64 (2), 80x 80 (3) lattices at distance/a=1 (a)
T 0.76 " and distance dependence of the logarithm of the spin-spin correlation func-
K . tion for T/J=0.28(1) 0.37(2) (b).
o
-go0f ™
3 b
N '..
\": ~0.24 "'--._.' of anisotropic AF from the maximum of the heat capacity,
: y r— the point of inflection of the susceptibility, ang—0 (Fig.
0 04 0.8 h T A h h .
1-J,/3, 1). The dependence dfy(A) on the exchange anisotropy

FIG. 2. The energyE/NJ (a) and nearest-neighbors correlation functions (Fig. 3 “keWISe_Can be interpolated well by a logarithmic
(S§Sh) (b) of an AF in the ground state as a function of the exchangelaw for A<1Ty\=2/In(11A).

anisotropy A=1—J,/J,. The lines show the interpolation functions The temperature dependence of the energy of an isotro-
E=- 0-684(3)1:517/eXp(1~617)/A°'26(5)),<SZ(0)SZ(r =1))=-0.120(4)  pic AF in the interval 0.15T/J<0.35 can be approximated
+ 1/exp(2(1)A%185(7), by a cubic polynomial with zero coefficients for the odd-

numbered powerE(T)=—0.682(4)}+0.35(3)T>%?) (Fig.

1). The asymptotic continuation of the spin correlation func-

setin F'g' 3 the reuprocal of thg magnetlza_\t|on IS a functlontions in this interval for the longitudinal and transverse com-
of In(A) is described well by a linear function. This means onents (Fig. 4 gives (S(0)S(r=1))=—0.113(3) and

that there is no Io.ng—range antiferromagnetic grder in th +(0)S~(r=1))= —0.22§5), which agrees well with the
ground state in an isotropid\(=0, InA—x) 2D Heisenberg + L anw 12 i .
model. For the minimum anisotropy= 0.005 the sublattice results (S'(0)S (r=1))=~0.2282%2)." This confirms
ma nétization isc=0.29, or (in Bohr. maanetons. with Anderson’s idea of the existence of a singlet ground state,

_9 B e : 1ag where 2S%(0)S(r=1))~(S*(0)S™(r=1)) and the mag-
9=2) 0=0.58u5 . We shall determine the Netemperature netic state can be represented by a superposition over all
realizations of the singlet pairs. In other words, each pair of
neighboring spins in the lattice plane is in a singlet state, but
the combination of neighboring spins in a pair is always
changing. If the singlets are ordered, then the four-spin cor-
relation function at odd distances is greater than at even dis-
tances. The MC calculation ¢8;S;S’S;, ;) does not lead to
this conclusion.

The correlation radius calculated from the distance de-

pendence of the spin-spin correlation functigfig. 4b can
be approximated well at temperatuigsd)=0.26 by the func-
tion 1/£=2.05T*%®)exp(1.q4)/T), shown in Fig. 5a. In the
singlet state the spin correlation function is a power-law
function of distance. The excitations in this model are inter-
acting spinons or solitons. The probability of excitation of a
4 spinon(soliton) is W~exp(—E/T), whereEg=J in the 1D
2 "!_. Heisenberg model, and in theD2model the excitation en-
0
8

1.0

0os8r ./.

0.6

0.5+ .

Tw/J

o4+ ® ‘f u, ergy of a spinor(soliton) is two times higher since two sin-
. ~ L glet pairs must be broken in order to preserve cubic symme-
. n, try. The average distance between the temperature-excited
. -4 -2 nA spinons id (T) ~1W~exp@/T). This can be represented in
0I 0.4 0.8 the form of a quasilattice embedded in a gas of singlet pairs

1~/ 7, (Fig. 6), where the spinons are represented by arrows. The
FIG. 3. Sublattice magnetizatian (a) and Nel temperaturdy /J (b) of an spinons are correlated with one another. .The Correl_atlon
AF as a function of the exchange anisotropy. Inse# (8 and /Ty (b)) ~ could vary as power lavg/I~A/T®, wherel is the quasi-
versus In. lattice constant of the spins and decreases with increasing
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FIG. 5. Reciprocal of the correlation radiag¢, calculated by the MC 0.4 -

method (), (b, ) and measured in a neutron scattering experiment in 'l.

La,CuQ, (b, 2.2 — a2

<~ [ ]
o 02r

temperature. The correlation radius at low temperatures
should vary exponentiallgs~A/T%exp@/T). There exists a "!'f!l.

minimum soliton size, determined by the ratio of the surface or ) . N
and volume magnetic energy for which the quasilattice be- 0.1 0.3 0.5
comes unstable &t/J=0.37-0.4. T7/3

The static magnetic factor, the Fourier compor&iiQ) FIG. 7. Static magnetic structure factsf(Q) for Q=/a andL=40 (1),
at Q=m/a, varies very little at temperaturddJ<0.4 as a 64 (2, 80 (3) in the isotropic(a) and anisotropic & =0.02|. =40 (1), 80
function of temperature and the dimensions of the lattic ;gg?g‘;gf?;?g}“ﬂ?c‘)’?g;tfrr;?féztfﬁlg(Jgigzefﬁozt"’f‘g{/rgig(;‘_i“c
(Fig. 7a. ForT/J>0.4 the temperature dependencé&tiQ) (1) and from neutron scattering in Fu0,?* for T,=250K (2) and in
is the same as in a paramagnet. At low temperatures the,cuo,? for T,=450K (3).
Fourier spectrum of the spin correlation function can be rep-
resented as a superposition of the Fourier correlation func-
tion of the singletsSs\(q) ~A/q~ >~ and spinonsSgp(k) logical magnetic formationssolitons. The size of a soliton
~B/((k— )2+ 1/£%). Singlet pairs make the main contribu- is inversely proportional to the magnitude of the anisotropy.
tion to the neutron scattering intensity in the lingt 7, For this reason, a quasilattice of solitojspinons is formed
since the spin density is low and the contribution of the spinsvhen the exchange anisotropy reaches the critical vAlue
is ~Wsp(q). The temperature derivatives of the specific ~0.05 at temperatureb/J<0.4. The magnetic structure of
heat and susceptibility in this temperature rafigjg. 8) have the factor S(Q) (Fig. 7b, the spin correlation functions
a maximum, andly/dT anddC/dT to the right and left of
T, differ substantially. For comparison, the values)diT)
and C(T) calculated with a super computér,on a 0.3F
L=128x 128 lattice with two orders of magnitude more MC
steps than the present work, are shown in Fig. 8. The authors cl °Oo
of Ref. 16 also noted violation of the relation $Q)¢ ?) 8 a
~In(T/J) for T/J=0.35. Just as in Ref. 16, far/J<0.4 the
exponenty in Eq. (2) tends to decrease with temperature
from »=0.55 to 0.35 aff/J=0.26. $ o2

Weakly anisotropic AFs have two transition tempera-
tures: the Nel temperature, associated with a breakdown of
long-range order, and@l; associated with breakdown of topo-
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FIG. 6. Schematic representation of a quasilattice of singlet pairs of spin§lG. 8. SusceptibilityyJ/N (a) and specific hea€/kgN (b) calculated in
(segmentsand spinongarrows. the present workl) and in Ref. 16(2) as a function of temperature.
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(S¥(0)S¥(r=1)), and the magnetic susceptibility are virtu- draw the following conclusions. There is no long-range an-

ally temperature independent in the interfigl<T<T,. tiferromagnetic order in the ground state in a two-
The results obtained explain well the experimental datalimensional isotropic Heisenberg model. The exchange

on the magnetization and the neutron scattering intensity ianisotropy dependence of the sublattice magnetization of

the quasi-two-dimensional compounds ,&u0,Cl,,%”  an anisotropic antiferromagnet is logarithmic: o1

La,Cu0Qy,%3 and EsCu0,.?* The experimental values of the +0.131)In(1/A). At low temperaturesT/J<0.4, the mag-

sublattice magnetization for SLuO,Cl, and LgCuQ, are, netic static factor S(Q) is essentially temperature-

respectivelyo=0.42ug ando=0.44ug. The exchange an- independent, while the correlation radius varies exponen-

isotropy in these compounds is of the orderdof 10" % and tially. This could be due to the existence of singlets, which

MC calculations giveor=0.45ug. The very small decrease make the main contribution t8(Q), and the temperature-

of the sublattice magnetization could be due to a covalencexcited spinons, which give an exponential behavior of the

effect. The neutron scattering intensi8(k=0)(k=m7—q)  correlation radius. The sublattice magnetization, correlation

in these compounds is essentially temperature independefadius, and static magnetic structure factor above thel Ne

above the Nel temperature up to some temperatligd T,  temperature in BCuQ,, La,CuQ,, and SyCuO,Cl, are de-

=1.5-2.1. For EsCuQ,, magnetic and resonance investi- scribed well by the B Heisenberg model with spin

gation$>?8 give a Nel temperaturely=165K, while neu- S=1/2.

tron diffraction measurements giv&y= (250 265) K.2*

The normalized magnetic structure factors — the experimen-

tal factorS(Q, T)/S(Q,T=250K) and the theoretical factor

S(Q,T)/S(Q, T=0.4 J) — qualitatively agree in the interval 1, Anderson, Mater. Res. BuB, 153 (1973.

(0.7-1)T/T, (Fig. 79. Taking account of the exchange an- 2g. j. Neves and J. F. Peres, Phys. LettL 1%, 331 (1986.

isotropy, as done in Fig. 7b, will improve the agreement with *I. Affleck, T. Kennedy, E. H. Lieb, and H. Tasaki, Commun. Math. Phys.

experiment. The magnitude of the exchange g0, can 4?%&?2%&%??' B. I. Halperin, and D. R. Nelson, Phys. Re@9B2344
be estimated ag~630K from the temperaturd.. For (1989. y, B naipenn, o P PYs.

La,CuQ, the normalized intensitys(Q,T)/S(Q,T=450K) 5F. Wilczek and A. Zee, Phys. Rev. Lefl, 2250(1983.

agrees well with the MC result&ig. 79. This is probably ~ °P. B. Wiegmann, Phys. Rev. Le@0, 821(1988.

due to the weaker exchange anisotropy, since the temperaé‘;”:m'vzé‘;’;%‘fexm' sﬁiﬁqr;:ufo&ogsgw\((fggl\:p %Ergab'magne“sm of
ture interval betweey and T, decreases with increasing sg | iep T. Schultz, ;‘nd D. Mattis, Ann. Phys, 4075861)_
anisotropy. The magnitude of the exchange fop@a0y, °P. Horsch and W. Von der Linden, Z. Phys.7B, 181(1988.
estimated fronil;, is J~1125K, while the value estimated ’S- Tang and J. E. Hirsch, Phys. Rev38, 4548(1993.

113, Richter, Phys. Rev. B7, 5794(1993.
from an approximation of the correlation radius in the inter 2P Vries and H. D. Raedt, Phys. Rev.48, 7929(1993.

— : _ 0.35
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Summarizing the results obtained in this paper, we cartranslated by M. E. Alferieff
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A study is reported of the anomalous broadening of MEPR lines on the high-temperature

side of the paraelectric-incommensurate phase transition ja@riR, crystals. It is shown

that the resonant-line broadening is inhomogeneous and due to the contribution of low-frequency
fluctuations corresponding to the central peak in the elementary-excitation spectrum. The

data obtained have permitted us to obtain the critical correlation-length expes€¢h64+0.02
corresponding to theBXY model of Heisenberg. €999 American Institute of Physics.
[S1063-7838902501-7

It is known that the dynamic properties of crystalline <w,, the line shape can be described by a convolution of a
materials take on a relaxational nature in the vicinity ofLorentzian with off-diagonal widthSH g with a Gaussian,
structural phase transitions, which becomes evident in thevhose width is determined by the diagonal component
appearance of the central peak in vibrational spectra. InvessHg.®
tigation of the critical dynamics near structural phase transi-
tions had benefited considerably from the use of radiospect. EXPERIMENTAL RESULTS
troscopical methods, in particular EPR Many crystals
reveal near the transition point anomalous broadening and a, . . . . .
change in the resonant-line shape caused by the critical slov{./l—Jb'd'un_1 tetrachl_orozmcate, which belongs to a family of
ing in the order-parameter dynamics. Structural distortiong‘2BX4 isomorphic compogr_m%At Ti=303 K, RipZnCl,
induced by the transition entail, as a rule, changes in the EPHystals undergo a transition form the high-temperature

spectrum, which for the low-temperature phase can be dé)_araelectrlc(symmetry glroupDZh-Pnam b>a>c) to in- .
scribed by a spin Hamiltonian commensurate phase with the onset of structural modulation

described by the wave vectgr= (31— 8) a*.”®
H=Ho+H' . (1) The samples were prepared from Czochralski-grown
single crystals. The measurements were performed on a

The first term in Eq.(1), Hy, determines the state of the standardX-range radiospectrometer. The sample temperature
paramagnetic center in the high-temperature phase, whilwas controlled to within 0.1 K by heating in liquid-nitrogen
‘H', considered as a perturbation, includes spin operators rerapor.
sponsible for the transition-induced change in site  The high-field hyperfine line groupM s= 3/2—5/2) was
symmetry* The parameters of the spin operatorsHh de- measured with the samples cooled to approdghfrom
pend on the magnitude of structural displacements in th@bove. Figure 1 presents experimental spectra for two orien-
paramagnetic center environment. The appearance of a notations of the external magnetic fiell relative to the crys-
vanishing local-order parameter below the transition pointallographic axes. One readily sees thatHida the hyperfine
gives rise to a temperature-induced shift of the EPR signasextet does not undergo any noticeable changes Tigar
position. The fluctuations in the local order parameter re{Fig. 19. DeflectingH from thea axis in the(010 plane by
sponsible for the dynamic part &f' contribute to the width  7° affects considerably the temperature dependence of the
and affect the shape of resonant lines. Within the approachpectral profile, which starts to broadenTas: T;" (Fig. 1b).
made in terms of Eq(1), resonant-line broadening in the Note that analysis of the spectra obtained is complicated by
phase-transition region may be due to contributions of twasuperposition of adjacent hyperfine components, whose
types® The first contribution,éHg, is determined by the widths (~3.2 mT) are comparable to the hyperfine splitting
diagonal matrix elements of the spin Hamiltonigh and the  (~7.5 mT).
spectral density of fluctuationi0) at zero frequency. The Broadening of MA* EPR lines in RpZnCl, crystals in
second contribution to linewidth§H s, comes from the off-  the vicinity of T, was reported earliéf. The treatment of
diagonal matrix elements off’ and the spectral density experimental data was based on a deconvolution procedure
J(wed at the resonant frequency,.s~10° Hz. It was excluding from consideration the hyperfine multiplication of
showr? that in the case where the characteristic fluctuatiorthe spectrum, which is insensitive to structural changes, by
frequencies() exceed considerably the fluctuation-induceddirect and inverse Fourier transformatithlt appears that
linewidth w,, the spectral profile is a Lorentzian with a this approach has a certain drawback. The peak in the Fou-
width (6Hg+ SHyg). In the limit of slow fluctuations ) rier transform of the experimental sextet corresponding to

This paper reports an EPR study of #ncenters in

1063-7834/99/41(1)/4/$15.00 108 © 1999 American Institute of Physics
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FIG. 1. A part of an EPR spectrum of RINCl, :Mn?" crystals corresponding to thég=3/2—5/2 hyperfine group obtained slightly aboVe=304.4 K. (a)
H|la; (b) £H,a=7°,HLb. Dashed lines present calculated spectra obtained by convolution of a Lorentzian and a Gaussian function.

the hyperfine-structure periodicity is broadened because of a DISCUSSION OF RESULTS
finite number of components in the group and of their not

being equidistant within one electronic transition. Accord-. ; .
: ) . . S . _ions in the ZnC] tetrahedra. In the paraphase, active centers
ingly, the single line obtained by deconvolution is con&der—have local symmetns with multiplicity ky=2 and lie in

ably dlst.orted. T_herefore deconvqlunon does not yield ad'tpe (a,b) plane. The orientational relations of the EPR fine

equate information on spectral line shape and does no

permit one to isolate the critical contribution to linewidth and

to investigate its temperature dependence near the transition
. 10 -

point.

This work deals with a simulation of the experimental .
hyperfine-sextet shape by convolution of a Lorentzian with a . .2
Gaussian, JL[(H=Hg)/6H ]-G[(Hc—Hg)/dHg]dH:. N
This approach enabled determining the homogenedids, o3
and inhomogeneous$H s, contributions to linewidth and to
reach a good agreement of the calculated with experimental
spectra(Fig. 1).

Figure 2 displays the temperature dependence of the
width of the hyperfine component in the high-field group a
M s= 3/2—5/2 for three orientations of the external magnetic 5 . .
field. The width was determined as the distance between the a te
extrema in the derivative of the absorption line. The slight “4aa % e
increase in the linewidth fof — T;" observed for the main T e, A s,
orientationH|a is seen to transfer to a clearly pronounced .- -
anomalous broadening, whose magnitude grows with devia- Y T
tion of H from the a axis. The results of the simulation 300 320
showed that the critical contribution to linewidth is associ- 7,K
ated with the mcrgase of the Gau_SSIan Compom&,’_ FIG. 2. Temperature dependence of the width of a hyperfing
whereas the behavior of the LorentziéH does not exhibit  —3/>..5/2 component for the following external magnetic-field orienta-
any anomalies in the vicinity of the transition point. tions:1 — Ha, 2— 2H,a=3.5°,3— £H,a=7°,HLb.

As shown earlieP;'* Mn2" centers substitute for the zinc

SH, mT
»
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structure are adequately described by a rhombic spin Hamil- 10 -
tonian H, with parametersy=2.004, |BY|/g8=16.01 mT,
and |B3|/gB8=9.10 mT calculated for the magnetic axis ar- .
rangement/ Z,a=+5°, ~X,b=+5° andY|c.® As the .
crystal transfers to the incommensurate phase, ) ( .
symmetry plane undergoes local distortigalthough the
symmetry group of the modulated phase remains macro-
scopically unchanged due to spatial averaging of periodic
distortions along the modulation axisand the center posi-
tions correspond to grou@@,. Hence the perturbation spin
HamiltonianH’ in Eq. (1) contains equivalent spin operators
corresponding to triclinic symmetry and can be recast in the s

form retaining the most essential tefins T T T

~ 1
H'=B0}+Ci035. (2) T-T;,K

In the case where the external magnetic field lies in 9b)(  FIG. 3. Log-log plot of the critical contribution to the linewid#H,, vs
plane or is perpendicular to it, the diagonal matrix element§T-T;). 1— £H,a=3.5°,2— 2H,a=7°,HLb. Solid lines were drawn
of the type(Mg|H'|Mg) vanish. ForH|a, the linewidthéH  using Eq.(4).
(Fig. 2) and its Gaussian componefitl  do not exhibit any
noticeable features nedF;,”. For misorientations/ H,a
=3.5 and 7°,HL b magnetic field distorts the local symme-
try, thus Iifting_the forl_aidd_enness of the diagonal matrix el- 5Hcr:i5H maxs -1, ~v (6)
ements of spin Hamiltoniart{’ (2). Accordingly, for T V3
—T,” one observes in an experiment anomalous line broad-
ening (Fig. 2) caused by the growth of the inhomogeneous  The experimental relations of the critical width derived
componentsH . from obligue magnetic-field measurements by means of Eq.
The data obtained show that the anomalous broadening@) are displayed in Fig. 3 on a log-log scale. The back-
has an inhomogeneous character and is determined by tiggound widths used aréH ;= 1.35 mT (£ H,a=3.5°) and
diagonal matrix elements of the spin Hamiltoniafi. Ac- O0Hpg=1.48 mT (£ H,a=7°). Thesolid lines in Fig. 3 are
cording to Ref. 5, such a behavior of the width is associategblots of Eq.(4). The transition poiniT;=304.4 K was deter-
with a growth of the spectral density of zero-frequency fluc-mined independently from the resonant-line splitting into a
tuations,J(0). To beexact, the characteristic frequency of singular spectrum? One readily sees that relatidd) de-
the fluctuations contributing to the broadening should begived in quasistatic approximation offers a good fit to the
substantially lower than the measuring frequency, which isxperimental relations and predicts the following critical
of the order of the linewidth in the rigid-lattice case, contributions to linewidth afl;:sH™=4.48 mT (£ H,a
~10" Hz.*? The critical contribution can be extracted from =3.5°) andSH™*=7.93 mT (£ H,a=7°).
the Gaussian component using the relation It is known that the local order parameter for fncen-
2 2 ters can be related to the rotation angle of the tetrahedral
OHe(T)=[SHG(T) = 5Hb9f]1/2' &) groups ZnCJ,! and that EPR spectra are most sensitive to
where 6H,q, is the inhomogeneous background componentetrahedron rotations about the axis'®. The extrapolated
originating from noncritical static contributions. Thus the values ofs§H™® and the above parameters of the spin Hamil-
temperature dependencéH (T) should be considered tonian’, permit one to estimate the rms fluctuation of the
within a quasistatic approximation where the critical width tetrahedron turn at the transition poisa?)*?=3.0° for

approaches a finite valugH™ at the transition poirft £H,a=3.5° and(sa?)¥?=2.7° for LH,a=7°. These val-
L agmaxq v 1 12 ues are in a good agreement with x-ray diffraction
SHy=6H™1-C+” arctafC ™7 ") ]"~. (4) measurements
In Eqg. (4), the small pair-correlator critical exponent is The average slope of the experimental relations Tor
neglected, and the following notation is introduce@: —T;=7 K (Fig. 3 is determined, according to E¢), by

=koa/m, k=kor’=¢"1 is the inverse correlation lengtly,  the critical exponent of the correlation length, and for both
is the corresponding critical exponent= (T—T,)/T; is the  relations »=0.68+0.05 for ~H,a=3.5° and »=0.64
reduced temperature, aradis the unit cell parameter. Re- *0.02 for H,a=7°. These values coincide within experi-
placing the inverse tangent in E@) by «/2, which is valid  mental error with the value of in the Heisenberg three-
nearT;, we obtain dimensional model for the two-component order parameter
” (3d XY mode), whose universality class comprises incom-

SHo=SHM 1~ (m/2)Cr']™2. ®) mensurate crystals of the potassium selenate fathilhe
Obviously enough, forr— 0 the critical contribution to the value of the fitting parameteC = kya/ 7 used in Eq(4) per-
width SH, tends toSH™® at the transition point. As one mits one to estimate the ratio of the correlation lengghat
goes away fronT;, in the limit ast— oo, the inverse tangent T=0, which is a measure of the range of the forces respon-
can be expanded in a series, and E.transforms to sible for the transition, to the cell paramet&g/a~0.01
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Y BaCu;0,_, single crystals are investigated ndar~92 K in fields 0<H=9 kOe using a

modified ESR spectrometer. The temperature modulation method is used for the first

time, together with the traditional magnetic modulation method, to detect microwave responses

in single crystals. Superconducting-transition peaks shifted relative to one another in

temperature and differing in shape are observed in the temperature dependence of the
corresponding signalgR/dH and dR/JT (R — microwave absorption The evolution of these

peaks as a function of the field and the anglbetweenH and thec axis of the single

crystal is traced. It is shown that the difference in the temperature dependences of the derivatives
dRI9H and dR/JT is due to the broadening of the superconducting transition characteristic

of HTSCs. © 1999 American Institute of Physids$1063-783#09)00301-9

It is well known that the superconducting transition in perature dependence of both the derivativ®oH and the
high-temperature superconductdtdTSC9, in contrast to derivativedR/JT for a Y—-Ba—Cu—O single crystal. The re-
low-temperature superconductors, undergoes pronouncedilts of our investigations show that for HTSCs the assump-
broadening with increasing external magnetic field. Thistion that the temperature dependencegRfdH andIR/dT
property of HTSCs is the main obstacle to determining theare of the same character near a superconducting transition is
temperature dependence of the upper critical WQT) by untenable. It is shown that this is due to the broadening of

traditional method3.For example, on account of this broad- € superconducting transition in a magnetic field.
ening the lines of constant resistartdg(T) measured by the

resistance method are strongly dependent on the resistanceEXPERIMENTAL PROCEDURE

level 5= pl/p, (p, — resistivity in the normal stajeand for
this reason they cannot be identified with the line of the

upper critical fieldH 5(T). It should be noted that the mecha- =~ . )
nism of broadening of the transition in HTSCs has still notQ_5000 was used in the experiment. The measurements

been definitely established and is the subject of unabate\éYirﬁ Egrflgrorr;edlz(l)r; zez\inizntngiing:r(lji ﬂEISInI?h;?[g (r:f:\)ri}ge
attention from investigators:® - ' g ’

As shown in Refs. 8—13, a peak near the superconducl(-H ma-880 O9 were used. The coils were placed, together

: e . ith the resonator, inside a magnetic screen which sup-
ing transition is observed in the temperature dependence

th . detected in HTSC . ES ressed the earth’s field by more than a factor of 100.
€ micfowave response detected in S using an The temperature regulation system that we developed,
spectrometer with magnetic modulation. The signal mea

. ) : e ~“based on heating of the sample with a light beam, makes it
sured in the process is the field derivative of the absorpt'orﬂ)ossible to modulate the temperature of the sample with fre-

— JR/GH. In this connection, it was noted in Refs. 10 and 4 ency 80 Hz. Neaf ~90 K the system characteristics are
12 that, if the derivativegR/dH and JR/JT near the super- 55 follows the rms instability of the temperature in the

conducting transition in HTSCs possess the same temper@ammeS does not exceed 0.06 K in 5 min; the temperature
ture dependence, as happens in low-temperature supercqjadient in the sample is 0.01 K/min; the relaxation time of
ductors, then their ratio can be used to determinghe system is 1-10 s; and, the modulation amplitude of the
dch(T)/dT, characterizing the slope of the line of the uppersample temperature is 18— 101 K.
critical field in the phase planeH(T). Single crystals with the composition

In the present paper we report the first data on the temYy gBa ofCW s7_«, grown from 3Y,0;+25BaCuQ

A modified SE/X-2543 RADIOPAN ESR spectrometer
(v=9 GHz, P,,,,=130 mW with a TEy, resonator with

1063-7834/99/41(1)/4/$15.00 11 © 1999 American Institute of Physics
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+ 72CuO melt, were investigated. The initial charge was 10l ' " " " " 110
heated to 1100 °C in a ZeQY crucible at a rate of 2-5 °C/h ’ Lic ¢! ’

o *
and then cooled to room temperature at the same rate. Th a go %o .
composition of the crystals was determined by x-ray mi- o . e ]
croanalysis. The unit cell parameters obtained from the x-ray g e ©

data area=3.85 A ,b=3.89 A |, andc=11.74 A . The
single crystals consisted of thin wafers with thickness

d~0.03 mm (along the ¢ axi§ and up to 'bj N |
1 mm in size in the &b) plane. A well-developed twin s 0 %Ma 5
structure was observed in the samples. The twinning bound-5 06} ) gﬁ'g
aries formed a system of parallel lingsith period ~2um), s ' >
making an angle of 45° with the natural faces of the crystal. :« N

The standard(for ESR spectrometerdfield geometry ® S
H1H; (H — constant fieldH; — microwave field was N

used in the experimeriinset in Fig. 2. The measurements
were conducted for orientations of the single crystaH,.
The angled betweernc andH could be varied by rotating the
single crystal around the directidth; and was set to within
+1.0°.

The microwave absorption signal was detected by the
synchronous detection method: at 100 kHz — by modulating
the magnetic field(the maximum modulation amplitude
hma=10 O@ and at 80 Hz by modulating the temperature of _
the sample. It should be noted that a direct measurement @_G 1. Temperature dependencias of the derivathgH and JR/JT for

. . Lo "~ ¥=0 and different values dfl. H=20 kOe(a), 2 kOe(b), and 9 kOe(c).

the temperature-modulation amplitude is in itself a compli-

cated technical problem. For this reason, here we confine

ourselves to noting that, according to the estimates made ifpidly in the direction of low temperatures than #/dT

Ref. 14, this amplitude has a definite value in the intervalpeak.

1072-10"" K and can vary near the superconducting tran-  We established the following concerning the asymptotic

sition by not more than 10%. Since this amplitude is muchbehavior of the peaks in the limit—0. Below H=20 Oe

less than the transition width, the corresponding signal cathe amplitude of the’R/dH peak remained constant with

be interpreted as the derivativeR/JT. All measurements decreasing fieldwithin the limits of experimental accuragy

were performed with constant microwave powerl7 dB.  while the peak became more symmetric, approaching in
shape thedR/J4T peak but its position remaining unchanged
in the process. However, theR/JT peak itself did not

2 EXPERIMENTAL RESULTS AND DISCUSSION change in any way right down to the lowest field used in our
experiment (103—10"2 Oe).

Samples for which the measured signals had the simplest Here we call attention to a specific difficulty arising in
structure — single peaks in the temperature dependenceseasurements of the derivatiilR/dH in zero fields. To
JR/I9H and JR/dT — were selected for the investigations. detect the corresponding sign®R we employed the highest
The so-called low-field signals were absent in allfield modulation amplitudes for which the proportionality
samples®!® This guaranteed that the temperature depenAR~ (dR/dH)h still holds (h — modulation amplitude of
dence of the measured signals was due only to the supercotite external magnetic field As special tests showed, the
ducting transition. It is also important to note that no effectslatter requirement reduced to the well-known restriction
due to irreversibility of the observed signals were observedh<<H. The need to decrease the modulation amplitude as
in the experimental samples. H—0 made it impossible for us to perform satisfactory mea-

Five samples from the same series, which differed onlysurements of the temperature dependenc#RdHH in fields
by their dimensions in thea(b) plane, were investigated. H<2.5 Oe(at H=1 Oe the signalAR was at the noise
The experimental results reduce to the following laws comdevel). For this reason, our assertion that the amplitude and
mon to all samples and demonstrated in Figs. 1-3 for one adhe position of thedR/gH peak remain unchanged as
the samples. The most important law is that the temperaturdl —0 should be taken with this stipulation.
dependences of the derivativ&®/dH is qualitatively differ- The dR/dH and dR/JT peaks also behaved differently
ent from that ofdR/dT: As one can see from Fig. 1, the as a function of the anglé between the directions of the
peaks ofdR/gH and JR/JT are shifted relative to one an- field H and thec axis of the single crystal.
other in temperature and thi&R/9H peak is wider and more In weak fields,H=20 Oe, thedR/JT peak remained
asymmetric than théR/JT peak and has a pronounced low- essentially constant as the anglencreased from 0 to 90°,
temperature tail. The different behavior of the peaks withwhile the JR/dH peak changed substantialifFig. 2): The
increasing external field is also seen in Fig. 1: T/ oH amplitude of thegdR/9dH peak decreased monotonically,
peak drops off more rapidly in amplitude and shifts moredropping by approximately a factor of 10 & 90°, and the
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FIG. 2. Evolution of the temperature dependence of the derivalR/gH atH=20 Oe as a function of the angle 1 — 0°, 2 — 50°, 3 — 70°,4 — 90°.
Inset: Geometry of the experiment.

peak shifted by a small amount in the direction of high tem-range from 0 to 90°, while the maxima shifted in the

peratures. direction of high temperatures by approximgitel K at
The opposite picture was observed in sufficiently strongH=9 kOe.
fields: As the angle increased, the amplitude of ti#&R/JT We note that the differences, examined above, in the

peak changed strongly, as shown in Fig. 3, while the amplistrong- and weak-field anisotropy of the peaks are due to the
tude of thedR/9dH peak decreased very little. The widths of fact that the decrease in the amplitudes as well as the shift of
both peaks as a function of the angledecreased in the the peaks in the direction of low temperatures as the field

7F g?:b
] <’
© (o]
fe) (o]
3 Oni °©
2 & Y
= 8 ® O
'D =
: $ s
~ aﬁhag o °
N )
E

FIG. 3. Evolution of the temperature dependence of the derivatR/gH atH=9 kOe as a function of the angke 1 — 90°,2 — 80°,3 — 70°,4 — 0°.
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increases from zero values slow down @sncreases. For makes it possible to observe the broadening of the transition
example, atH=9 kOe the amplitudes of the peaks for even in weak magnetic fields, where the temperature would
0=90° decreased by less than 20%, while their shift did nohave to be measured with a much higher accuracy in order
exceed 0.2 K. for this effect to be directly observable. This suggests that
We begin our discussion of the experimental results withour results can be used to check the existing theoretical mod-
the following remark. In the general case, the absorptiorels explaining the broadening of transitions in HTSCs.
R(H,T) as a function of two variables satisfies the relation It is our pleasant duty to thank B. Yu. Sokolov for help-
ORIGT=— (dH,(T)/dT)(aRIGH), (1) ful discussions and I. R. Mikulin for assisting in the prepa-

ration of the temperature system.
where the functiorH,(T) is determined from the equation

R(H,(T),T)=r=const 3E-Mail: muminov@iaph.silk.glas.apc.org
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Motion of a planar domain wall in the ferroelectric—ferroelastic gadolinium molybdate
B. Ya. Shur,* E. L. Rumyantsev, V. P. Kuminov, A. L. Subbotin, and E. V. Nikolaeva

Institute of Physics and Applied Mathematics, Ural State University, 620083 Ekaterinburg, Russia
(Submitted June 17, 1998
Fiz. Tverd. Tela(St. Petersbupgl, 126—129(January 1999

The lateral motion of a planar domain wa@RDW) in an electric field and the spontaneous

rotation of the wall in the initial position after the field is switched off were investigated in the
improper ferroelectric—ferroelastic gadolinium molybdate, GtbO,), using optical

visualization and measurement of the switching currents. The characteristic behavior found for
the PDW is attributed to the delay of the volume screening of the depolarizing fields. It

is shown that the dependence of the motion of the PDW on the switching duration in an ac field
is due to the redistribution of the screening charges.1999 American Institute of
Physics[S1063-783#9)02601-3

Ferroelectrics—ferroelastics are the best model materialsmaller face(Fig. 1), were investigated. Gaps in the elec-
for studying such elementary processes in the evolution ofrodes prevented the PDW from vanishiftge gaps limited
domain structures as the motion of planar domain wallghe range of motion
(PDWSs. Just as in any ferroelastics, in these materials The apparatus based on a po|arized-|ight microscope
PDWs exist in a stable manner in a wide range of actions angrig. 2) made it possible to detect simultaneously sequences
can be visualized because the domains have different opticgf instantaneous domain configurations under cyclic switch-
characteristics and, just as in any ferroelectrics, the positiomg and the corresponding switching currents. The experi-
of a PDW can _be Chaf‘ged t_)y applying an el_ectric field. Th_i%ental sampld was secured to the microscope stage. Stro-
makes it possible to investigate the dynamics of PDWs Irboscopic lighting2 was used to detect the instantaneous

detail by recording the switching currents and determining . . . i .
optically the instantaneous positions of PDWs with high spa_domaln configurations. The repetition frequency of the light

tial and temporal resolution. The improper ferroelectric—pmses(duration less than &s) was equal to the frequency of

ferroelastic gadolinium molybdate @M00,); (GMO), thg field, which made it poss'ible to visualize., using a delay
whose physical properties and domain structure have beé_,Lplt 4, any stage of the evolution of the doma_un structure. An
studied fairly well=> were chosen for the investigations. incandescent lamP served as the source of light for observ-

In previous work it was noted that the velocity of a PDW ing the static domain structures. Switching was accom-
when the wall is displaced from its initial position and re- plished with an ac voltage with frequency 30-100 Hz and
turns there after the field is switched off is nonuni- amplitude up to 300 V, varying according to a sinusoidal or
form.1346-8|t was established that these features depend ofinear law. The switching currents and instantaneous domain
the intensity and duration of the field as well as on the temconfigurations were recorded with an IBM PC and a vcr. The
perature and past history. Screening of depolarizing fieldgrror in determining the instantaneous positions of the PDW
was used to explain the observed effécts. did not exceed Jum.

In the present work the characteristic features of the mo-  The continuous and reproducible motion of a PDW un-
tion of a PDW near the initiafequilibrium) position is stud-  ger cyclic switching made it possible to use stroboscopic
ied in detail for the example of GMO. lighting to the determine instantaneous position of the wall.

The following features of the motion of the PDW were es-

tablished: 1 A displacement from the initial position starts

when the external field exceeds a certain amplit{ie start
1. EXPERIMENT field Eg); 2) the maximum displacemenx,,, depends on
the amplitude of the ac field; and,) &fter the field is
by pulling in the [001] direction. Rectangular 0.392 swit_c_hed off, the PDW spontaneously returns to the initial
X 7 mm wafers were cut out perpendicular to the polar axisPOS!tion- _ . _
and the lateral faces were oriented parallel to the allowed ~The following series of experiments were performep: 1
orientations of the PDWs. The thickness chosen ensurefine displacement of the PDW as a function of time was
maximum contrast when visualizing the PDWs. All faces of measured —Ax(E(t)); 2) series of measurements of
the wafers were ground and polished using diamond pastéXma{Ea) With the field amplitudeE, increased and de-
Transparent I503:Sn electrodes were deposited on the polarcreased by discrete amounts were perforend; and@ax
faces by reactive sputtering. Samples with one PDW, whichwas measured as a function the number of switching cycles
were cantilevered from the substrate on the side with thevith fixed field amplitude.

GMO single crystals were Czochralski grown from melt

1063-7834/99/41(1)/4/$15.00 112 © 1999 American Institute of Physics
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tively. The compensation d&y, occurs by means of screen-
ing in the interior of the ferroelectric due to redistribution of
charge carriers and polarization of dipole deféét€*4The
adequately long lifetime of the PDW in a stationary state
without an external field(in GMO 7p~10*s at T
FIG. 1. Configuration of the electrodes and the initial position of the PDW. =300 K) results in complete screening in the bulk

Egr— Epser~0. 3)

2. VOLUME SCREENING EFFECTS
3. MOTION OF A PDW
It is well known that the motion of domain walls in
ferroelectrics is due to near-wall nucleation, whose probabil- A linear field dependence of the velocity of a PBW
ity is determined by the local fiel&,,., averaged over a _ _
volume of the order of the size of a nuclet’€.The fieldE . v(Eed =1(EeEs, @
is determined by the potential differentebetween the elec- whereu is the mobility of the PDW, is observed experimen-
trodes and by the depolarizing fiefit), (oroduced by bound tally in a wide range of fields and temperatures in GMO.
charge$ and the screening fields. The contribution of the To explain the characteristic features of the motion of a
external screening fiel&,., (due to redistribution of the PDW displaced from its initial position, we shall examine
charge on the electrodeand the bulk screening fiell,s,, the change itk that determines the velocity of the wall. As
produced by the bulk chargés?can be singled out as the wall moves, the depolarizing field produced by the bound
_ charges in the bulk changes. There is enough time for the
Eroc(11) = Eex™ [Baed 11 = Besel 1, 1) ~ Epsel T, 1] external screening to compensate this change partially, but
=Eg— AE;o(1,1), (1)  there is not enough time for the bulk screening charges to be
_ . ) . . redistributed. As a resulE,,. is changed by the total residual
mzel;faEtgx_ U/d is the external field and s the thickness of depolarizing fieldegy, and the field produced by bulk screen-
) N ing charges that compensated the polarizing field in the ini-
ing EZirgzsgrlsa?élnigﬂflljilgc:eeta}lfgz i?rieplgc\)/xs?;ggﬂ;? tshcéeemEial position (memory effect Let the PDW be displaced
| ing is det " 4 by th r ¢ ¢ thfrom its initial position by the amounkx. Then the spatial
external screening Is determined by the parameters of gy ion of the charges can be represented in the form of
external circuit and is ordinarily smalless than 1us).

. two strips of widthAx with effective surface charge densit
However, after the external screening is completed, a re- P g y

sidual depolarizing fieldy, due to the presence of surface 0'=LPSd718b8[1(l+ k), 5)

dielectric layers of thicknesk is present in the bulk®'3
y P wherek is the degree of screening-@l<k<1).

Ear=Egep~ Eescr= 2LPd 8 £0(d—2L) +2e,eL] " Introducing the parametérmakes it possible to take the
~2LPg(s,e0d) " : @) past history into account: For the first displacement from a
' completely screened stake=1, prolonged cyclic switching
wherePg is the spontaneous polarization amdandey, are  decrease&, andk=—1 if the PDW stays in the displaced
the permittivities of the surface layer and volume, respecposition for a sufficiently long time. In the general case, as a
result of cyclic switching, the screening charge decreases
nonuniformly in space in the interval of displacements 0
<AX<AXmax-
It is easy to see that in this case the field on the PDW can
be determined as function of the displacement as

AE,o(AX)=0(gpeg) F(AX/), (6)

F(Ax/d)=(1/m)[2tan Y(Ax/d)+ (Ax/d)In(1+d*/ Ax?)].

In this approximation, the start fieldg; depends on the
displacement,

Es=AE|o(AX) —Eg, (7

whereE,, is the threshold field required to form a nucléus.
This also explains the observed stopping of the PDW.
Then the expression for the velocity of the PDW is

U(Eex, AX) = u[ Eex— AEjpe( AX) — Ey]. (8

4 Neglecting bulk screening, the PDW stops at a displace-

ment by AX,,., from the initial position:

FIG. 2. Arrangment of the measuring apparatus— Sample,2 — strobo-
scopic lamp3 — incandescent lampi — delay unit. U(Egy, AXmax = 0. 9
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5 &
A relation betweerE,, and Ax,., can be obtained from Field, kV/cm

this condition: ) o )
FIG. 5. Field dependence dfx,, With increasing and subsequently de-

Eex— PsL(1+ K)(e Lgod) - 1F(Axmaxld) —E=0. (10) creasing field amplitude. The experimental points are fit by the relatidhs
. . . . and(13). Inset: Spatial distribution of the charge density of bulk screening
This relation is also applicable for incomplete bulk screen-with increasing field amplitude.

ing.

The parameter&y, andk can be determined by fitting
the function(10) to the experimental resultS X, ,(Eey) - 1IN
addition, the motion of the PDW in a varying field can be
described using the relation

influence of the spatial dependence of the degree of screen-
ing of the depolarizing fields near the initial position of the
PDW.

v(t)=dAx(t)/dt=u[Eex— AEjo(AX) — Eqn]. (13) To study the influence of the past history AX,(E)

As a result, the mobility of a PDW can be determined 1 sample was switched cyclically for a long period of time
from measurements of the time-dependence of the displacd? @ field with constant amplitude and fixed maximum dis-

ment. placementAx,... Then, in a series of measurements per-
formed with both increasing and decreasing field amplitude
4. DISCUSSION kinks were observed in the dependende,{Ec) at
- AXmax= AXmaxa (Fig. 5).

The mobility of a PDW(at room temperaturg.=1.9 To explain the characteristic features let us assume that
x10°° m’/V-s) was determined by analyzing the motion of with prolonged cyclic motion of a PDW in the displacement
the wall (Fig. 3). _ . interval 0<AXpa<AXmax: the surface charge density of

The relation(10) with E;,=5.6 kv/cm gives a good fit byl screening decreases amiAx) changes abruptly at the
of AXma(E) in the interval from 10 to 150Qum (Fig. 48,  |imit of the interval. Then, a complicated function is used to

obtained by successively increasing the field amplitude byt the experimental results:
discrete amountén the first series of measurements
It should be noted that smabut measurabledisplace- Eex=PsL(1+k) (e 80d) 'F(AXmadd)+ B, (12)
ments AXn<10um can also be observed foE for AXpmas<AXmax1 and
<5.6 kV/cm (Fig. 4b). This effect can be attributed to the

Ee= PSL(sLsod)il{(l'F K1) F(AXpmax/d)
+(1+kZ)F[(AXmax_AXmaxl)/d]}+Eth- (13)

for AXmax™ AXmaxi-

The spatial distributiorirelief) of o(Ax) (Fig. 5, inset
can be determined from the results of the fit.

The large hysteresis in the displacemetfg. 5 (in-
crease of the displacements with the same field amplitude,
obtained with a discrete increase of the field amplitude as
compared with measurements with increasing amplitada
be explained by a change in the reliefAx) in the course of
prolonged measurements.

To investigate the kinetics of the changediAx) the
1 i | dependence of the maximum displacemént,,, on the

%] 6.0 number of successive switching cycles with a fixed field am-
Field, kV/cm plitude was measured by integrating the switching currents.
FIG. 4. Field dependence @fxy, With increasing field amplitude. The The resu“_s obtained can _be. fit satisfactorily bY a power_—law
arrow shows the direction of variation of the field amplitude. The experi-function(Fig. 6), characteristic for nonexponential relaxation
mental points are fit by the relatidi0). processes.
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LATTICE DYNAMICS. PHASE TRANSITIONS

Interaction of long-wavelength excitations in crystals
A. A. Anik’'ev and D. E. Edgorbekov

Khudzhand State University, 735700 Khudzhand, Tadzhikistan
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The conditions of resonance interaction of phonons for a scalar model of a crystal in the region
of the initial linear section of the dispersion curve of acoustic phonons are investigated

using two-particle Green’s functions. @999 American Institute of Physics.
[S1063-783109)02701-X

A linear dispersion law for acoustic phonons is ordi- The Green’s functiois®(k, ,w) for free phonons is taken in
narily used to calculate the interaction spectra of various elthe form
ementary excitations interacting with phonons at low mo-

menta. In addition, the thermodynamic characteristics of the GOK,w) = wo(k) 1 _ 1
crystals are obtained, as a rule, on the basis of the density of ’ 2 |o—wyk)+iéd otwoyk)—id
states of acoustic phonons calculated in the Debye approxi- 3

matiqn or a.combined Eipgtgin gnd Debye approximgtion folyith the dispersion lawwy(k)=s|k| for the acoustic
the dispersion law. The initial linear phqnon dlgpers|on I‘T’“N honons. The two-phonon density of states is determined by
becomes restructured as a result of the interaction of vanon‘%e imaai t of the G
o . . . ginary part of the GFL)
types of excitations with acoustic phonons. The deviation o
the dispersion law of acoustic phonons from a linear law at 1 2 Im (K, w)
low momenta is observed, for example, in strongly aniso- py(k,w)=——=Im Gy(K,w)=—
tropic crystals: in the presence of a high concentration of .
heavy Impurities, and so on. It has been shown in Refs. 2-5 The dispersion law for two-phonon excitations is deter-
that a radical restructuring of the phonon spectrum can alsg . :
: . . . mined by the equation

occur in the case of the phonon-phonon interaction with for-
mation of coupled or resonance states of phonons in crystals. 1
In Ref. 5 it was conjectured that weakly coupled phonon 1= 3 As7(k,)=0. %)
states should always exist in crystals, since special points in
the space of wave vectors satisfying general conditions can One can see from the relatiof®) and(5) that to inves-
always be found on the phonon dispersion curves. tigate the excitation spectra with interaction it is necessary to

In the present paper we investigate the conditions otalculate the functionr(k,w) and find the function$4) and
resonance interaction of phonons for a scalar model of &) for various values oh,. After substituting the expres-
crystaf in the region of the initial linear section of the dis- sion(3) into Eq.(2) and integrating oves, , we have for the
persion curve of acoustic phonons. We shall use the methochse of interacting phonons with total momentikim0 from
of two-particle Green’'s functions(GFg at room one dispersion branch
temperaturé. We must calculate the two-phonon density of
states of acoustic phonons taking account of interaction pro- 2Sg km d3dk
cesses and the dispersion law for the excitations obtained. In m(e)= (277)24sf0 e—K2tis
the “ladder” approximation for the GFs, we write the solu-
tion of the Bethe—Salpeter equation in the momentum repreHere e = w?/4s?> and the integration extends to some mo-

. (4
|1—3N4m(k, )2 @

(6

sentation in the forrh mentumk,, cutting off the linear dispersion law. In the De-
21(K, ) bye modelk,,=k, andsky=w,. We rewrite Eq.(6) in the
Go(k,w)= ———, (1)  form
—3M7(K,0) ,
km
where\ 4 is the fourth-order phonon-phonon interaction con- ()= 2s f Kodk —i 2s fk35(s—k3)dk.
stant, the functionr(k, ) is the convolution of two single- (2m)24s5)o e—k?  4m4s]
phonon GFs (7)
Integrating Eq(7) gives
m(K,w)= f Gl(k,w)G?
(2m)* (20ma)’ , |(e2-1
Renw(e')=————=| 1+(&')“In , (8)
X (k=kq,0— w;)dw,dk;. 2 872(2s)? ()2

1063-7834/99/41(1)/4/$15.00 116 © 1999 American Institute of Physics
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s N since in the limitk— 0 scattering does not occur in a uniform
i medium’ For phonons with a linear dispersion law, the case
] studied here, a coupled phonon state cannot exist outside the
,' two-phonon band.
10} H
s 1. ACOUSTIC PHONONS WITH A NONLINEAR SECTION ON
< THE DISPERSION CURVE
5 Let us now assume that the dispersion law of acoustic
phonons is w(k)=sy|k|—alk|> (a>0). The function
7(p,w) for nonzero total momentum can be written as
1 1
0.2 0.6 10 —
e=w/20, m(p.w) (27T)sf dkr w— (k) —w(p—k)+i5
FIG. 1. Density of states of acoustic phonons with a Debye dispersion law. 1
- wtok) +o(p=k)—is|" (12)
(2027 Let us transform the expression in braces, introducing
Imm(e’)=— 14Bmax)_ ()2 (99  the new wave vectoq=p/2—k. Then Eq.(12) assumes the
8m?(2s)3 form (e =w—2wq(p))
Heree' = w?/2sk,, corresponds to the upper limit of the two- 1 A K2k
phonon acoustic spectrum. The unperturbed two-phonon w(p,w)= zf 2 (13
density of states is determined from Eq8) and (4) with (2m)=Jo e+3ap
=0 Here the integration extends up to a maximum valyg,
2 3V where the chosen dispersion law is satisfied. From(&qwve
po(w)= v _ 2% 2 (100  have for the dispersion law of such phonons
872(25)° (2wq)3
. )\4[\ { € 12 . 3apA 1/2
where the maximum value,= wo=(67%/Vy)'3 s corre- 1- 5 Ll_ 3aon @ =0.
sponds to the Debye frequenay,. The density of states (2m)“3ap P 14

(10) is shown in Fig. 1(dashed ling The two-phonon den-
sity of states, taking account of the interaction, is determined  Expanding the function tartx in a power series in for
by the relations(4), (8), and (9). Solutions exist only for x>1 (¢~0) we have for the dispersion law

negative values of the renormalized coupling constet o
=(2w)?/87%(2s)3 \,. The change occurring in the density w(p)=2(sp—alp|®) + —
of states spectra when the interaction is switched on is shown 3
in Fig. 1 (solid lineg for \,=—0.1,A,=—0.2, and )\, Therefore, forp=0, the branch of the coupled state ter-

=—0.3. One can see that as the coupling conskantin-  inates at a nonzero frequenay= 22\ ,A 3, which is deter-
creases, a peak due to a resonance state of the phonons afned by the coupling constant, and the maximum value
pears in the spectrum. The |r_1tenS|ty of this peak increasegs the wave numben . It is obvious from Eq(15) that the
rapidly and the peak itself shifts toward the low-frequencyp anch of the coupled state exists for arbitrarily small values

limit of the spectrum. In Eq(7) the integration was per- X, and, for,=0, the dispersion lawl5) transforms into
formed formally over momenta frok=0 tok=ky,. Thisis  ihe initial dispersion law.

legitimate only for infinite bodies. In the case of a real crys-
tal with a finite volume, we must integrate from a value
k=Ko, ko=V Y3 whereV is the volume of the crystal. In

NgAS. (15)

2. ACOUSTIC PHONONS IN STRONGLY ANISOTROPIC

this case the expressi@8) becomes CRYSTALS
5 In strongly anisotropic crystals, the dispersion law of
@ 4 acoustic phonons on even one branch can be different for
(Km—ko)? w? 25I<fn directions along the symmetry axis and in a plane perpen-
Rem(w)=— 87225 25k —k )2"" 2 - dicular to it. For example, for complicated crystals the dis-
m m "0 w——l persion law of the transverse acoustic phonon branch can be
25"3 a1 approximated by the relatién
Nonetheless, the equati¢hl) does not change the results in ~ w?(k)=s’k?+ak! +b sin“k‘zj, (16)

principle, since we employed an approximation in which the

coupling constank , does not depend on the momentum. Forwherek | andk, are the projections of the wave vector on a
long-wavelength excitations, the vertex describing phonon-ocal-order axis and on a plane perpendicular tgiit,is the
phonon scattering should be proportional to the momentunsound speed in the layds s the sound speed in the direction
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of the anisotropy axis, and the coefficienis determined by
the force constants of the interatomic interaction within a
layer. The first two terms determine the dispersion law of
acoustic phonons within a layer, asd<a,® while the last
term describes the dispersion law of acoustic phonons in the
direction of the anisotropy axis. We shall investigate the con-
ditions for coupling of acoustic phonons satisfying the dis-
persion law(16), retaining only the first term in the expan-
sion of the sine on the right-hand side. To find the dispersion 0.01
branch of the coupled state we shall determine the solution

of Eq. (4) with the functionw(p,w) given by Eq.(12), tak-

ing into account only the first term in braces. We introduce 0
the vectorq=p/2—k and direct the vectop along the six-
fold aX|s Let £=2wq(p/2)—w, where wy(p/2)=bp? i
+cpH +... . We obtain

1 f q.dg,dq;
(2m)?J) e+siof +bagf+aq]

0.03

Im g, (w),cm”™’

m(p,w)=—

~Re Gg ((0), cm"

7

~0.021-
Integrating over gives

@)=~ — . 18 I
PO ) (v ad) o

The integration in Eq(17) must be cut off at the upper limit _
at somega=A. Fors<sf/4a we obtairf 0.041

/
/
!

4

1
|
|
|
|
|

1 (A q,dq, ||
|
I
|
|
|
§

1 1 1
W(p-w): -

2 4ae FIG. 2. Acoustic two-phonon density of states for various values of the
167s® \[1— —

S4 four-phonon interaction constant,=—0.1 (1), —0.2 (2), and —0.3 (3).
L Dashed line — unperturbed density of states.

r—

(19

[s26(2— 1 8)/4aA?]+2—1 5‘

[s?8(2—36)/4aN?]+346
3. ACOUSTIC PHONONS WITH A SINUSOIDAL DISPERSION
Here we have introduced LAW FOR A SCALAR MODEL OF A CRYSTAL

5= 4as/sj (e=0). Thus far we have investigated the dispersion law ob-

. . . I tained for acoustic phonons by expanding the more general
Since a>s?, the dispersion law of excitations near the : P y exp g g

, dispersion law, which for a scalar model of a crystal can be
threshold for the formation of a resonance stateO can be expressed in the form
represented as

1 k
N(l+Eo) ‘4—5 o o elo=aisito, @3

167s’

It is evident from this relation that near the threshold thein powers of a small momentum. Hesg, is the maximum
coupling constant must be negative. The dispersion law wilfrequency at the limit of the Brillouin zone witk= 7/a and
have the form a is the lattice constant. To calculate the density of states of
64ms? | 12 acoustic phonons with the dispersion |428) we shall em-
w(p)=2wo(— _ T’SL) , 21) ploy the definition(12) of the function=(p,w) taking ac-
2 3N4 count of both terms in the propagator in braces. We obtain
wherewq(p/2) is determined by the relatiqi6). Therefore, for the total momentum of two phonoms=0
for momentump=0 the frequency has a nonzero value

s}
4a

p

ka
4 2\ 112 sin—|dk
S| .'1.67TSL 20 2
©=2al 1t 3, 22 m(w)= mJ ka 24
(2m) 2_ 402 sine +is
A branch of the coupled state appears for some threshold m 2

value\, determined by the relatio|m4|>16wsf/3. The fre-
guencyw (p=0) increases with\ 4|. Separating the real and imaginary parts, we have
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. ka phonons with other elementary excitations, for example, de-
1 /2 z°dzsinz =5 fects, crowdions, electrons, and so on. One indication of this
Rem(e)=—3 PRI could be the density of states of tic ph i
m?adw,Jo  e2—sirtz i uld be the density of states of acoustic phonons, recon
€= Wlewn 5 structed from tunneling measurements in superconducting
(25 metals — lead, mercury, and niobium. The reconstructed
1 (sin Ye)? spectrum has a clear “anti-Debye” form with a sharp peak
Im m(e)=— . (26)  in the low-frequency section of the spectrdif. This raises
malw, 1—¢&? ; y P

the problem of investigating the effect of interactions of
The integral in Eq(25) diverges at the upper limit, and it is Phonons with other excitations having close energies on the
impossible to calculate it analytically. Therefore we calcu-conditions of formation of coupled and hybrid phonon states
lated the integral numerically for values efin the interval ~ and on the form of the phonon dispersion law. The examples
0-0.99 with stepAz=2x10 %s. Next, the computed val- studied above show that, for phonons with a linear dispersion
ues of w(e) were substituted into the relatiod) and the law in a scalar model of a lattice, coupled states do not arise
two-phonon density of states was calculated taking into acoutside the two-phonon band. The presence of strong anisot-
count the interaction of the acoustic phonons. kg0 the  ropy improves the coupling conditions. Together with the
unperturbed part of the density of states is determined by Ednitial dispersion law, a branch of a coupled state with

(26) divided by 7. In Fig. 2 the dashed line shows the den- =16m7s?/3 arises in the spectrum.

sity of stateSpg(s) with the dispersion lav{23). As one can ) _ _

see from Eq(25), Rew(s) is negative for all values of in 2;-. '\H": cl\:llacrlj(leenwaisz.HﬁzSéui:IrH;hys'e\?efa?;ig%&%gé.

the interval(0;1), which corresponds to a two-phonon fre- sp 7ayadowski and J. Rivalds, Phys. Rev. Léd, 1111 (1970.

guency interval with limits 0 and &,,. For this reason, the 4J. Rivalds and A. Zavadowski, Phys. Rev2B1178(1970.

solutions of Eq.(5) exist only for negative values of the °L.P.Pitaevski Zh. Eksp. Teor. Fiz70, 738(1976 [Sov. Phys. JETR3,

f i il ; ; 382(1976].
anharmonicity constartt,. The solid lines in Fig. 2 show °A. Af Ani?e]';'v V. S. Gorelik, and B. S. Umarov, Fiz. Tverd. Telaenin-

the two-phonon density of statgg(e) for different values  grag 26, 2772(1984 [Sov. Phys. Solid Stat26, 1679(1984].

of A4: —0.1,-0.2,—0.3. One can see from Fig. 2 that the 7A. A. Abrikosov, L. P. Gorkov, and I. E. DzyaloshingkiMethods of

resonance interaction of phonons radically changes the initial Quantum Field Theory in Statistical Phys%ﬁ@remice-"'a"v Englewood
_ : _ : Cliffs, N. J., 1963; Fizmatgiz, Moscow, 1962. 426.

two-phonon density of states. In the low-frequency Sec“f)” QfaA. M. Kosevich, The Physical Mechanics of Real CrystaNaukova

the spectrum, an anomalously sharp peak appears with in-pymka, Moscow(1962, p. 105.

creasing coupling constant, while on the high-frequency®E. Burstein and S. Lundgvisunneling Phenomena in SolifBlenum

edge of the band the density of states drops to zero smoothlydwegsv ’;‘ |Ys" 1969; "g"ﬁ t'V"?SKAQWv Nllgmo- ﬁé-ﬁ) a1t

Apparently, these features of the spectrum of acoustic Vv Pucke!.superconductivityMir, Moscow (1973, p. 316.

phonons are also general features for the interaction Ofranslated by M. E. Alferieff
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A thermodynamic invariant in the form of the ratio of a vibrational frequency in an anharmonic
solid to the temperature in adiabatic processes is derived. The adiabatic invariance

established is used to derive in a simple manner an expression for the temperature change due to
elastic adiabatic loading of solid&elvin’s equation. © 1999 American Institute of
Physics[S1063-783%9)02801-4

The concept of an adiabatic invariant was introduced for JF
mechanical systenls. Specifically, for a harmonic oscilla- So= —((9—1—) =k (x, cothx,—In(2 sinhx,)).  (2)
tor, the invariant amounts to the constancy of the ratio of the v "
vibrational energy of an oscillator to its vibrational fre-
qguency with the frequency changing adiabaticdily this  In these expressiorsis Boltzmann’s constant is the ab-
case, slowly.! The existence of a thermodynamic adiabaticsolute temperaturey,, is the characteristic frequency of the
invariant is not obvious. In the present paper this matter is-th oscillator, andk,=#% w,/2kT. If the oscillators have the
elucidated for anharmonic solids. same characteristic frequency, summation oves replaced

The thermodynamic properties of solids are often dedby a simple multiplication by the number of oscillators in the
scribed, to a first approximation, in a model of independensystem. The entropy depends on the parametdone.
harmonic oscillators. If the oscillators all have the same char- The condition of adiabaticity is that the entropy is con-
acteristic frequency, the Einstein model obtains. However, iktant. This holds fokx=const, whence
the interatomic interaction is taken into account in a har-
monic approximatior(see, for example, Ref.)2one arrives ©
at a thermodynamic model of a solid as a phonon gas. Nei- —=const 3
ther case takes account of effects due to the anharmonicity of
the interatomic interaction.

These effects are included when the approximations cori:e. the ratio of the fundamental frequern(@y energy of zero-
sidered are used as zeroth order approximations in more gepeint vibrationg to the temperature remains invariant for an
eral models. In the simplest case, taking the phonon frequerensemble of harmonic oscillators.
cies to be strain-dependent, we arrive at ther@isen theory Evidently, for the model of a solid as an ensemble of
of anharmonic effects in crystal@uasiharmonic approxi- harmonic oscillators it is difficult to find a real possibility of
mation.2 More accurate approximations are obtained by uswvarying the frequency of the spectrum by some action ap-
ing the variational theorem of statistical physies the start- plied to the body. However, a change in temperature due to
ing point to construct self-consistent approximations of vari-heating(or removal of heatis inconsistent with adiabaticity.
ous types — self-consistent harmofitpseudoharmonit/  For this reason, for a harmonic solid an adiabatic invariant in
or self-consistent EinstefiWe emphasize that the oscillator the form (3) is more of symbolidimportant as a referenge
model plays a key role in all of these cases. significance.

In the present paper we employ a self-consistent Einstein  The behavior of an anharmonic solid is of great practical
approximation to construct an adiabatic invariant of a solidinterest, since in the frequency spectrum such a solid can
— a quantity that remains constant in an adiab&oen- change under adiabatic conditions.

tropic) process. Let us consider an anharmonic atomic chain in a self-
We start with the expression for the free energy of anconsistent Einstein approximati6nThe thermodynamic
ensemble of harmonic oscillatdrs properties of such a system are determined using an auxiliary
system(with index 0, which is taken to be the ensemble of

(1) (or frequencies of these oscillators are determined by the
self-consistency variational equations. The free energy of a
uniform chain, calculated using the variational theoreim,

The entropyS, of the system is the nearest-neighbors approximation is

o ) harmonic oscillators considered above. The force constants
n

h
Fo= kT; In( 2sinh-, =

1063-7834/99/41(1)/3/$15.00 120 © 1999 American Institute of Physics
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F~Fo+(U—Up)g not contain any parameters associated with the details of the
" " interatomic interaction. This circumstance makes it possible,
_ w w hen studying the adiabat{tsoentropi¢ behavior of an an-
=Fo+(N-1)y(T,Aa)— ——coth-—. g4y When st -
ot ( Y ) 4 2kT @ harmonic system, to extend to such a system the condition of

constant entropy in the form of the relatidB). Thus we
arrive at the important conclusion that an adiabatic invariant

auxiliary (Einstein system,i is the softened pair-interaction in the form (3) exists for anharmonic systems. The validity

potential (interatomic potential averaged over the states on the ex_p_resswnis) for the invariant |s_also conﬂrmed_ by
the auxiliary system Aa=ac is the average displacement the condition that, in quantum mechanics, the population of

of an atom from its equilibrium positiom, and ¢ is the the energy levels of oscillators does not change with an adia-

relative deformation of the bonds. Averaging is performedgat'ca"thI?W Vi”at'ﬁ n of thle ;tate fththIe S%Sté]mgh's IS q
over the states of the auxiliary system. We obtain for the ue to the fact that t, e population of the levels is et_e.rmlne
only by the factorx,, introduced above, and the condition of
entropy per atongfor N>1) S . :
a constant population is once again related with the con-
. hfe? 1 stancy of this factor.
S=S T BT Gy ) We shall use the expression obtained above for the in-
variant to find a relation between the temperature and strain
Using the Fourier expansion of the softened potential itof an adiabatically loaded solid, i.e., to describe the ther-

can be shown that its temperature derivatives are related witthoelastic effect. To find this relation, expressi@hmust be

HereF, is determined by the expressi¢h), U is the poten-
tial energy of the systeni), is the potential energy of the

the coordinate derivatives as substituted into the expression for the adiabatic invariant
52 1 This requires an explicit expression for the interaction poten-
= — Y, (6) tial. It can be showtt that, for a potential with cubic anhar-
AmKT? sink? x monicity of the form
Here f g
5 , @(8)25(38)2—5(38)3,
d=mw" =2y}, (7)
is the self-consistent force constant. Indeed, the softened p&§XPressior(7) becomes
tential can be represented by the following chain of equali-  4=2(f-2gae).
ties:

Substituting this expression into E() we obtain

z//(T,an)=<<p(an+un—un,1)>0=f p(q)expigan) T, f—2gae,
—=\/r (11)
Tl f—2ga81

X{exp(iq(u,—Uup_1)))od
(expia(un~un-1)))d Assuming the temperature change and the deformations to be

small and expanding Eq11) we find
AT g
q° T =T faern (12
xex% - 7(<Uﬁ>o+<uﬁ—1>o))dq (8
Where8f=82_81 andAT=T2—T1

The last equality was obtained in Ref. 9. For a spatially = Expression(12) can be easily reduced to the well-known
uniform chain, in Eq(8) there is no dependence on the indexKelvin equation for the thermoelastic effect. Indeed, the me-
n. The mean-square vibrational amplitude of an atom is dechanical stress in the atomic chain under study is determined

=f o(q)exiigay)

termined by the expressith by the relationc=fe¢/a, the linear thermal expansion co-
5 efficient isa=gk/af?,13 and the specific heat per degree of
<u2>0=m—cothx. (9 freedom isc=k/a3. Then we obtain approximately
© AT g a
Substituting the expressia®) into Eq. (8) and performing 7%— ?asfs— oo
the differentiation, it is not difficult to obtain Eq$6) and
). which is the Kelvin equation.
Substituting the expressioi) into Eqg. (5) for the en- In summary, an adiabatic invariant makes it possible to
tropy, we find derive simply and quickly an expression for describing the

behavior of a system of oscillators in adiabatic processes.
This work was supported by the Russian Fund for Fun-
damental ReseardiiNo. 96-03-32467a

ﬁZ

S=S,+ [Mw?— 244 ,]. (10)

8mkT2 sink? x
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The invar effect and phase transitions in Cs  ,Znl, crystals
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An in situ x-ray diffraction study of CgZnl, crystals performed in the 4.2—300 K temperature
range is reported. The lattice parameter measurements have revealed three anomalies
corresponding to phase transitions. The thermal expansion coefficient alongxieewas found

to vanish in the region of incommensurate and commensurate modulated phases, 120—96 K
(the invar effect A possible crystallographic model relating modulated atomic displacements to
the invar effect is discussed. @999 American Institute of Physid§1063-783@9)02901-9

It is known that crystals having an incommensur@@ analysis of the phases has not been made, the nature of the
phase can exhibit specific anomalies in the temperature denodulations has not been established, and the phase-
pendence of thermal expansion up to the vanishing of théransition sequence and the space group of the monoclinic
thermal-expansion coefficierfTEC) in certain directions. phase P2;/m or P2,/n) still remain unclear. This stimu-
This feature, called the invar effect, was observed in the Idated our comprehensive x-ray diffraction investigation of
phase in proustite Ag\sS;,! tin selenohypodiphosphate single-crystal CgZnl, within a broad temperature range,
Sn,P,Se;,? and thiourea SANH,), (Refs. 3,4. The nature down to the helium temperature.
of this interesting phenomenon remains unclear to this day,
which stimulates further investigations of the behavior of the;. ExPERIMENT
lattice parameters of IC crystals with temperatiifhis ac-
counts for the interest in compounds of theBX, family (A
=Rb, K, Cs, ..., B=Zn, Co, Hg,..., XCI, Br, I,...)
which comprises most of the dielectric crystals having an |

010), and(001) cuts measuring 2X%1.5x 0.3 mm; a helium
hase known at presehCs,Znl, belongs structurally to the ( o
pﬁ—KZSO4 type; Fi)ts roor:z-terr?peraturge lattice pgrameterscryOStat manufactured by IFTT RAS enabled maintaining the

_ - _ temperature to within 0.1 K The measurements were per-
a=10.84 A, b_8'2.9 A’.C_14'45 A and the_ SPace group ¢, hed on a SIEMENS D500 diffractometer adapted to two-
Pnmawere determined in Ref. 7. Note that like many crys-

tals of the ABX, family, the lattice parameters of g&nl, f:|rcle stud|e§ of single crystals W|t_h @l radiation. The
. ; interplanar distances were determined from the centers of
are in a pseudohexagonal relatiare=b /3. It was estab-

ravity of the Bragg reflection$12,0,0 (diffraction angle
lished that, at high temperatures, compounds of th ~58)./6°) © 1009(99%69_60) sand(000(18(0~71°) ogb-

B-K,S0, type are charactegze(domeﬂmes virtuallyby the tained by %/ 6 scanning. The reflection indices relate to the
hexagonal grouf6;/mmc _axes of the originaPnmaphase. Using reflections with large
Phase transitions in G&nl, crystals hoave beelq a subject itfraction angles enabled a relative accuracy of not worse
of a purr;é)er of studies. 'D|electr?c§, NMR,™ X-ray  {han 1.5¢1074. Each scan of the reflection profile was pre-
diffraction}? and dilatometrit® measurements revealed ceded by holding the sample fer10 min at the given tem-
that below room temperature £2511, undergoes the follow-  perature. The reciprocal-lattice configuration analysis was
ing sequence of phase transitionsPnma(Z=4,T, done by scanning in theat b*0), (Ob*c*), and @*Oc*)
=120K) IC(T;=108K)P2,;/m(Z=8) [or P2;/n(T  planes. The program of scanning over undistorted reciprocal
=96K) P1(Z=4)]. Optical and calorimetric measurements space  scanning made use of the previously measured
revealed additional anomalies near 104 K, so that anothetrystal-lattice parameters.
sequence following this transition was proposed c.f. Refs.
14 and 15: Pnma(Z=4,T;=117K) ICT,=108KP2,/
n(Z=8,T,=104K)P1(Z=4,T,=96K)P1(Z=4). A
thermodynamic description of the IC phase in, @3, can
be found in Refs. 16 and 17. The room-temperature lattice parameters of theZ@k;
Note that the structural aspects of phase transformationsrystal were a=10.835(9) A, b=8.310(3) A, andc
in Cs,Znl, have not been well studied. No systematic inves-=14.469(5) A. In accordance with tHenmaspace group,
tigation of the temperature dependence of lattice parametersne observed extinction of the reflections corresponding to
which is a sensitive indicator of phase transitions, has beethe glide-reflection planesa (hkO;h=2n+1) and n
carried out thus far for G&nl,. A complete structural (Okl; k+1=2n+1). Figure 1 presents temperature depen-

CsZnl, samples were grown from water solution at
313 K Measurements of temperature dependences were
Ccarried out on single-crystal, optically transparefa0),

2. RESULTS AND DISCUSSION

A. Measurements of temperature dependences

1063-7834/99/41(1)/5/$15.00 123 © 1999 American Institute of Physics
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10.850 3 a TABLE I. Thermal expansion coefficient within the temperature intervals of
] oo™ four low-temperature G&nl, phases K10 % K1),
a o .
o 10.800 o Temperature interval 100 @10 o1
~ - °qﬂ
8 E j Pnma300-120 K 3.1 5.5 6.2
'_va 750-5 Incommensurate 120-108 K 9.7 6.1 ~0
AR o™ P21/m 108-97 K 4.2 4.97 ~0
R P-1 96-20 K 2.0 7.06 0.52
10.700 3+~
8.925 1
; ,,e°°°° dences of the interplanar distanag$¢T) for the directions
82753 o [100], [010], and[001]. The TEC values corresponding to
3 the regions of existence of the observed phases were deter-
o ] = mined by graphical differentiation of tre(T) curves(Table
a E oo f s
242251 o~ I). Consider the observed temperature-induced effects one by
g ] one.
] Within the region extending from room temperature to
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FIG. 1. Temperature dependences df) interplanar distances '_: [ ] [ ] [ [ ]
d100, do10, doo1 and of (b) the unit cell volume of C&Znl,. The measure- a* [1:1.1] 200 400

ments were made in the heating regime.
FIG. 2. Position of the Bragg and satellite reflections in the IC phase region:
(a) between thé060) and(260) Bragg reflections(b) schematically on the
(a*b*0) plane,1 — Bragg reflections?2 — satellites.
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The normal-IC phase transition &= 120 K is signaled
by breaks in tha (T) curves and jumps in the TEC, which is
in agreement with this transition being second order. The
modulation of the structure within the 120-108 K interval is
identified by the appearance of satellite reflections in the
(a*b*0) plane!? The satellite positions can be described by
a wave vectog=(1/2+ 8)a* in the enlarged Brillouin zone
or by 1—g=(1/2— §)a* in the normal zon€Fig. 2). Figure
3a displays the temperature dependeq¢e€) indicating the
incommensurability of the modulations. In the IC phase re-
gion, the extinction conditions for Bragg reflections do not
differ from those for the originaPnmaphase, with the ad-
ditional reflections, first-order satellites, grouped around the
positions of the forbidderhkO reflections withk=2n+1
(Fig. 2b. In the four-dimensional representation, this corre-
sponds to thehkOm condition with k+m=2n, which is a

specific feature of the superstructural grdpPnma:(1ss)
characteristic of the IC phase in the,2X, family.?° The
vanishing of the TEC along the axis (agy~0) appears
remarkable; the invar effect is observed throughout the re-
gion of incommensurate and commensurate modulations
(Fig. 3.

The IC phase transforms at 108 K to modulated com-
mensurate monoclinic. One can see in Fig. 3b a small jump
in the c parameter, and this lock-in transition is first order,
which becomes manifest in the coexistence of incommensu-
rate and commensurate modulations in the hysteresis

rameters along tha, b, andc axes. An analysis of the sys- region? The appearance at the transition to the monoclinic
tematic reflection absences showed that the above-mentiongtiase of thg0,0,1) and (0,1,10 Bragg reflections, which
conditions for thePnma phase are upheld throughout the are forbidden for the KI glide-reflection planen when k
temperature range covered. No diffraction features whicht-1=2n, is seen in Fig. 4. An analysis of the conditions for
would support the existence of a phase transition proposed iextinctions within the 108—96 K interval showed that there is

Ref. 19 have been observed-aR70 K.

4,19 o111
0,410
J
i | I
0,19 4110 on

only one such condition, namely,kO with k=2n+1. It

a.0.10 00,12

0,0,1

) )} T=105 K

N T=115 K

I I 1
0,0,10 0,0,11 0,0,12

c*-~direction

FIG. 4. Analysis of the extinction conditions by scanning in th&¥{€*) plane at the temperatures of the incommensurate and commensurate monoclinic

phases.
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(N

B. On the crystallographic characteristics of the modulated
phases

o~

N

L3
1

o®0g4,,
%% The modulation in C&nl, crystals is characterized by
%00, the following crystallographic data: wave vector direction
g//[100] and the plane of polarization of the atomic displace-
ment wave coincides witt001).'? Information on the invar
effect observed in thdyy, (T) dependence appears to be an
important experimental finding. Let us compare now the ori-
entational characteristics of the modulations and of the invar
——————————————————— Vi effect in CsZnl, with data available for other compounds
(Table 11). According to Table I, the direction of the wave
R A ) vector g in real space for each crystal determines the zone
T.K axis Jymnp to which the atomic displacemeifipolarization
plane is related. The normal to this plane corresponds to the
interplanar distance, which remains constant under varying
temperature. To put it in simpler words, the “invar direc-
tion” is perpendicular both to the atomic-displacement wave
indicates two possible space groups for the monocliniglane and to the wave vector. The model of the observed
phase, namelyP12,/m1 or P12,1. Because no polar prop- |attice anomalies can be based, in our opinion, on competi-
erties were revealed in G2&nl, by dielectric  tion between static displacements of atoms under modulation
measurement$;® one should accept the centrosymmetricand their thermal vibrations. We start from the assumption
space grou®12, /m1. We have not observed any features inthat thermal expansion of atomic bonds in a crystal, both in
TEC in the vicinity of 104 K or 101 K, where anomalies in modulated and normal state, is determined by the anhar-
physical properties were quoted in Refs. 14,15. __ monic part of the atomic interaction potential. As the ampli-
The first-order phase transition to the triclinic phd&k  tude of thermal vibrations increases during heating, the com-
at 96 K is accompanied by a volume compression by 0.1%ponent aligned with the atomic bond increases its length, and
(Fig. 1b. Here all the three parameters undergo jumpsthe components acting in transverse directions affect the tilt
namely, thea andb parameters contract, and tb@arameter of these bonds. The geometry of atomic displacements in the
expands. The transition exhibits a temperature hysteresimodulated wave can give rise to additional anisotropic con-
AT=~1.3 K. As seen from Fig. 5, the deviation ofb from tributions to the TEC.
J3 increases at the phase transitions, i.e., the structural rear- As seen from Fig. 6, the projection of the interatomic
rangements are accompanied by noticeable distortions of tHeond on the normal to the displacement-wave plaree the
pseudohexagonal character of the orthorhombic lattice.  interplanar distangecan remain constant during heating due

2 g1y /Loy
-
~
8

1.735

PETS S0 VR (00 N5 00 UAK 100 O S0 G0 U T 00 S T I T A
;3

FIG. 5. Temperature dependence of thg,/dy;, ratio.

TABLE Il. Orientational characteristics of the modulations and of the invar direction.

Compound, Wave-vector direction
temperature interval Space group, Atom displacement Zero TEC
of IC phase lattice parameters in reciprocal space in crystal space plane plane
CsZnl, [12], Pnma
120-108 K a=10.84 A,
b=8.31A4, (1-da/2 [100] (001 (001
c=14.47 A
CS(NH,), [4], Pnma
202-169 K a=7.655A,
b=8.537 A, Sb* [010] (001 (001)
c=5.520 A
Sn,P,Se; [2], P2, /c,
220-193 K a=6.83 A,
b=7.70A,
c=11.72A, — 5,8% + 8,¢* [100] (001 (001)
B=124.5°
Cs;Shylg [21], P—3mi,
78-72 K a=8.435A,
b=10.390 A (1/2- s)a* +c*/2 [100] no data (00D
As;AsS; [1], R—3mi1,
60-48 K a=10.82 A,
b=8.69 A (1-8)a*/3+(1—6)c*/3 [001] no data (100

(principal direction
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a a, b, andc axes of the original normal phase, refined the
phase-transition sequence and space gi@@p/m for the
monoclinic phase of the crystals, and discussed a possible
crystallographic model of the invar effect in incommensurate
phases. The results of the work show that standh¢d)
measurements using Bragg reflections can be used to advan-
tage in determination of the atomic displacement plane in a
modulation wave. The discussed sequence has thus far been
confirmed for a limited number of crystals presented in Table
II. 1t would apparently be useful to proceed with TEC mea-
surements for zone planes with the same wave-vector direc-
tion.

The authors owe their thanks to I. P. Aleksandrova for
the crystals and to I. M. Shmyt’ko for providing the helium
cryostat for the study.
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(Cs,_,Rb,),Znl, crystals were grown by two different methods with Rb concentrations varying
from x=0 to 2.5%.%2 NQR and calorimetric measurements showed that crystals grown

by the Bridgman technique contain residual impuritiesd(5%) for allx. While x=0 crystals

grown from solution do not contain detectable impurities, they allow incorporation only

of a low Rb concentration, not above 0.5%. A transition-temperature—concentrajiqingse

diagram has been constructed for Bridgman-grown crystals from NQR data. Rb doping

shifts the normal-incommensurate and incommensurate-ferroelastic phase-transition points toward
higher temperatures with different rates. T2, /m« P1 first-order transition shifts

toward lower temperatures. The region of low Rb concentrations lies closest to the critical point.
© 1999 American Institute of Physid$1063-783409)03001-4

Studies of defect interaction with incommensuréte) 1. EXPERIMENT
gtructure bglong to an.ino!ependent and v_vell-d_eveloped areR cvstal growing
in the physics of aperiodic systems. While this subject in-
cludes several phenomena occurring only in IC modulated Crystals of undoped GZnl, were grown previously
crystals, each such investigation starts from the assumptiofiom water solution. This method was employed also to
that the phase diagram of the system within a certain intervaJrow doped crystals, but we did not succeed in increasing the
of impurity concentrations is known. Rb concentration in solution-grown crystals above
We are reporting @I NQR and calorimetric study of X=0.005. The Bridgman method was employed to prepare
the (Cs,_,Rb,),Znl, system within the Rb concentration re- crystals with higher Rb concentrations. The crystals were
gion x=0—0.025. There are several publications on thedrown in quartz ampoules in an argon ambient. The starting
phase transitions in undoped &Zsl, (Refs. 1-6 and sym- ~ '€agents were purified by repeated recrystallization. Crystals
metry measurements in the phase transition seqdence ~ With Rb contenx=0, 0.0011, 0.005, 0.01, and 0.025 were
obtained. The rubidium content for small concentratians
to x=0.005) was determined by plasma absorption analysis,
and for highx, by x-ray fluorescence. It was established that
Pnma(Z=4)<IC~P2,/m(Z=8)—=P1(Z=4). the Rb concentrations in grown boules coincide within ex-
perimental error with those in the starting charge.

The phase-transition temperatures of crystals grown

from solution, as determined under cooling, areB- NQR

Ti=120.5K for the normal-IC phase transitiorl; For conveniency in comparison, Fig. 1 reproduces the
=108 K for the lock-in transition, and’.,=96 K for the  data of Ref. 2 obtained for an undoped,@sl, crystal
low-temperature first-order transition. grown from water solution. The temperature dependences of

Interestingly, the coefficient rati@,/8,;=0.44(Ref. 3  the NQR frequencies at the lock-in transitiofi,{) exhibit
of the thermodynamic potential describing the phase transiereaks which permit determination of the transition pdigt
tion sequence in the theoretical model obBsl, is charac-  to within ~0.5 K. The normal-IC phase-transition poirt;)
teristic of the so-called strong-anisotropy case, where thé determined to within 1-2 K because of a partial overlap of
system is close to the Lifshits-type critical pdinDoping a  the lines belonging to the normal and IC phases, which is
crystal is one of the ways to bring the system to a singulaassociated with the presence of transition precursor clusters
point on the phase diagram and to study it. UnfortunatelyaboveT;.
predicting the direction of doping-induced displacement of a  Figure 2 presents temperature dependences of“he
system in complex structures is virtually impossible; it is NQR frequencies for a solution-grown crystal with Rb con-
established experimentally and is one of the goals pursued icentrationx=0.0018. Even such a low concentration of the
phase diagram studies. Rb impurity affects strongly the shape of thél NQR spec-

1063-7834/99/41(1)/4/$15.00 128 © 1999 American Institute of Physics
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FIG. 2. Temperature dependence of NQR frequencies in solution-grown

(Cs,_«Rb,)»Znl, (x=0.0018). Inset: region nedr,; for the spectrum com-
FIG. 1. Temperature dependence of NQR frequencies in solution-growponent II.
Cs,Znl, (from data of Ref. L

studies of the temperature dependences of the wave vector

trum in the IC phase compared to the undopegZ@t,. The  qs, which yield a more complete information on the charac-
undoped crystal exhibits an anomalous line shape characteter of a lock-in transition. The transition temperatures for the
istic of one-dimensional modulation, namely, a continuumsolution-grown, dopedx=0.0018) crystal are, within ex-
frequency distribution bounded on both sides by peaks. Aperimental errorsT;=121.0t1 K, T.;=112.0+-0.5 K, and
characteristic feature of G&nl, is that, just belowT;, one of T.,=95.0+0.5 K.
the side singularities is suppressed and is barely seen against The temperature dependences of NQR frequencies for
the background. This singularity grows, however, in inten-Bridgman-grown crystals with Rb concentrations=0,
sity with decreasing temperature, so that at approximatel$.001, 0.005, 0.01, and 0.025 were obtained in the region
5 K below T; the spectrum takes on the shape typical of thefrom 170 to 110 K. Figures 3 and 4 present the temperature
IC phasé€? In the doped crystal, the second singularity re-dependences of the frequency for the spectrum component ||
mains suppressed throughout the temperature region of exisr the lowest,x=0, and maximumx=0.025, Rb concen-
tence of the IC phase. The only feature left in the spectruntrations. Similar dependences obtained for the intermediate
from the IC continuum is one asymmetrical side singularity.concentration region follow the behavior shown in Figs. 3
Above T,, the clusters, transition precursors, disappear irand 4, if one takes into account the shift of the transition
doped crystals. However in this case one also cannot detepoints along the temperature scale with Rb concentration.
mine the transition temperature to better than 1 K, because Note that the spectrum of the undoped crystal grown by
there is an interval near the transition where the line becomethe Bridgman technique resembles not that of the “pure,”
washed out by noise as a result of the specific behavior ofolution-grown Csznl, but rather the spectrum of the crys-
nuclear quadrupole relaxation. tal with a low Rb concentrationxE0.0018). The phase-

The lines of the third phase become discernible againgransition pointT,, is shifted toward higher temperatures to
the background belowl;, with their intensity reaching a become 112.80.5 K. While the shift inT; is just at the
maximum within~0.5 K. A region has been found where experimental accuracy limit, it nevertheless is seen clearly
the residual peaks of the IC phase and the C-phase ling421.6 K). A comparison of crystals with close Rb concen-
coexist (~0.5 K, see inset in Fig.)2While the transition at trations,x=0.0018 andk=0.0011, grown by the two differ-
T.1 appears more clearly pronounced first order than that irnt methods shows that the transition poifitandT,, in the
the undoped crystal, this observation should be checked iBridgman-pulled crystal are shifted noticeably toward higher
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78.2 TABLE |. Phase-transition temperatures f@s, ,Rb),Znl, derived from
L the temperature dependences of NQR frequencies.
i Rb concentration,  T;, Tels Te2,
Growth method X K K K
7.8,
N Melt 0.0 120.6-1.0 108.6-:0.5 96.0+0.5
Q =Y Melt 0.0 121.6:1.0 112.20.5 96.3:0.5
x Q - Melt 0.0018 121.61.0 112.0:0.5 95.0:0.5
= 0“ Melt 0.0011 12451.0 115.0:0.5 95.3:0.5
- RE Y Melt 0.005 127.61.0 115.0:05 92.4:0.5
o= '.‘ Melt 0.01 131.221.0 117.5:0.5 90.3:0.5
- * Melt 0.025 142.@¢1.0 120.6:0.5 7F<78 K)
LN
Yoty °
77.0} M S
LA
1 1 1 1 samples were 0.1-mm thick plates coated by black carbon
710 730 150 paste to improve heat absorption. The conditions of heat ca-

I

pacity recording are similar to those described in Ref. 3. For
FIG. 3. Temperature dependence of NQR frequencies in Bridgman-growx=0.0018, the anomaly corresponding to the transition; at
CsZnl, (x=0). is observed at the sanfeithin experimental errgrtempera-
ture of 117.3:0.08 K as in the undoped, solution-grown

. . crystaF. The anomaly is slightly washed out compared to the
temperatures. The dependence of the first-order transitiog, o quoted in Ref. 3, which is seen from the decrease by a
temperatureTc, on x was derived frpm the jump in fre- few percent of the height of the step in the heat capacity
quency of component | at th_e 'Fran3|t|on. The Rp concentrag ;e corresponding t®, . The anomaly aff.; (the lock-in
tion ~2.5% is the upper limit for NQR studies of the ynqijtion is washed out strongly and is substantially lower,
(Cs;—«Rby)2Znl, system. In addition to the NQR lines of |t it peak is observed to lie at the same temperature as in

this crystal being broadened substantially already in the in|-pure Csznl,. The first-order transitio2, /m«— P, at T

tial phase, weak broad lines not characteristic of the rhombi% shifted down by 0.4 K, and the heat capacity anomaly
phase of CgZnl, appear in the spectrum. decreased somewhat in height.
The transition temperatures obtained for the above-

mentioned Rb concentrations from the temperature depen-
dences of the NQR frequencies are given in Table I. 2. DISCUSSION OF RESULTS

Figure 6 presents the phase diagram constructed from
NQR data for Bridgman-grown crystals in the transition-
temperature—concentratiorcoordinates. Ax increases, the

tals with the minimum concentration=0.0018(Fig. 5). The phase-transition point§; and T, shift toward higher tem-

measurements were performed on a SinkuACC-1VL caloPeratures, a_na'cz moves rapidly to lower tempe_ratures.
rimeter within the 80-300 K temperature region. The The region of existence of the IC phase in the phase
diagram expands somewhat with increasing impurity con-

centration. Because the IC phase region should become more
78.2 narrow as one approaches the Lifshits-type critical point, one
. may conclude that Rb doping of &1, moves the system
-» away from the singular critical point.

The NQR line shape of Bridgman-grown undoped crys-
tals in the IC phase is in agreement with the spectra of
-~ solution-grown crystals with a low Rb concentration. Be-
", ' sides, a comparison of the transition points of undoped crys-

s % tals grown by the two above methods reveals a shift of the
7741 ‘s transition temperatures in melt-grown crystals toward higher
temperatures foff; and T;;, and in the opposite direction,

. for T.,, with respect to pure G&nl, grown from solution.
77.0F ~, Melt-grown crystals contain apparently residual impurities in
¢ amounts of 0.2 0.4%.

. Doping results characteristically in a change of the NQR
line shape in the IC phase already at the lowest Rb concen-
1 tration x=0.0018 studied. A possible explanation of this ob-
120 ;"0 160 servation lies in the presence of order-parameter fluctuations
4 nearT; in the case of a quadratic relation between the reso-

FIG. 4. Temperature dependence of NQR frequencies in solution-growf@nt frequency and the order parameter, YVhiCh is valid for
(Cs_4Rb,),Znl, (x=0.025). the spectrum component Il. It was shown, in particular, that

C. Calorimetric data

Calorimetric data were obtained for solution-grown crys-

77.8

”quMHz
L 4

76.6
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the effect of amplitude fluctuations on the intensity of high-of wave vectorsqs for different impurity concentrations.
frequency(for Cs,Znl,) side peaks depends essentially onThis requires independent and fairly complex x-ray diffrac-
damping, which is characterized by coefficignbf the dis- tion measurements which we are planning to perform.
sipation function[y (72+ 73)/2].1% It is this effect that We conclude with the results of a calorimetric study.
brings about suppression of the temperature-dependent cofihe fact that even the lowest Rb concentration results in an
tinuum singularity neaf; in pure CsZnl,. If the dampingis extremely strong washing out of the thermal anomaly gt
strong,y~ 0.1, the temperature-dependent side peak can bes apparently a consequence of the well-known formation
come suppressed to become unobservable against the noisear the lock-in transition in doped crystals of several modu-
throughout the IC phase interval. Thus the doping-inducedations having a fairly broad region of coexistence on the
change in the spectrum of the IC phase can originate from aside of the IC phase. Note that the peak of The anomaly
increase in fluctuation damping caused by incorporation ofn thex=0.0018 case does not shift with respect to its posi-
the impurity. One cannot exclude also such a “static” reasortion in the undoped crystdFig. 5, whereas the correspond-
for the variation of the line shape as the onset of severaihg transition point derived from NQR data lies higher by 4
metastable states with fixed values@f. This uncertainty K. The fact that the real transition point in doped crystals,
could be removed by studying the temperature dependenceather than coinciding with the thermal-anomaly peak, may
sometimes lie substantially higher in temperature was
shown, e.g., in Ref. 8.

Support of the Krasnoyarsk Territory Science Founda-
tion (Grant 5F010Dis gratefully acknowledged.
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The critical fluctuations induced by a ferroelastic phase transition and corresponding to the soft
TA mode at theX point at Brillouin zone boundary have been studied in the model

crystal HgCl, within a broad temperature and wave-vector range. Anisotropic diffuse x-ray
scattering maxima associated with order-parameter fluctuations and nucleation of low-temperature
orthorhombic clusters in the high-temperature tetragonal matrix have been found to exist at

these points. New information has been obtained on the temperature dependence of the
susceptibility and correlation length, cluster shape and anisotropy, and the critical exponents.

© 1999 American Institute of Physids$$1063-783@9)03101-9

The mercurous halides Higal, (Hal=Cl, Br, I) are iso-  phase, one can sometimes observe low-intensity diffuse re-
morphic at room temperature and have a specific crystdlections at zone boundar{in our case, at theX points,
structure consisting of parallel chains of linear Hal-Hg—Hg—which are associated with spatial and temporal order-
Hal molecules, weakly bound to one another and forming garameter fluctuations giving rise to nucleation of low-
body-centered tetragonal Iatti&}lz, with two molecules per temperature clusters. Recently, studies of diffuse scattering
unit cell* The chain-like structure of these crystals gives risehave been carried out on the model perovskites SyTiO
to a very strong anisotropy in their physical properties, inKMnF;, and RbCak, which undergo displacive phase tran-
particular, to a strong elastic anisotropy. For examplesitions from the cubic to tetragonal phase induced by soft-
Hg,Cl, crystals exhibit a transversel A) sound velocity mode condensation at the zone-bound@moint. X-ray dif-
VH%S]1=347 m/s, a record-low characteristic among solids, draction experiments revealed two length scales, the well-
record-high birefringenceAn=+0.66, and a very high known one, short, and a new one, long, corresponding to the
acousto-optic coupling M ,=640x10 8 ¥/g for the TA  broad and a very narrow diffuse-scattering maximum,
wave). These crystals are used to advantage in acoustic deespectively:
lay lines, acoustic filters, polarizers etc. We are presenting here new information on the tempera-

When cooled, these crystals undergo improper ferroelagure dependence of diffugbroad reflections at the< points
tic phase transitionsO(3—D3/) at T.=186 K (HgCl,)  of the Brillouin zone, on clusters of the orthorhombic phase
andT.=144 K (HgBr,). These transitions are induced by in the tetragonal matrix, and on the variation with tempera-
condensation of the slowesTA) mode (see aboveat the ture of their shape and size and of the critical exponents.
zone-edgeX point of the tetragonal paraphase and are acAttempts to observe the narrow component in x-ray diffuse
companied forT<T_; by a doubling of the unit cell, a scattering from HgCl, crystals did not meet with success.
X—T transition in the zone, onset of spontaneous strain, and
nucleation of ferroelastic domaifsCrystals of mercurous
halides possess a very simple crystal structure and clearly
pronounced phase-transition effects, and, hence, serve as
model objects for basic studies of structural phase transil. EXPERIMENTAL TECHNIQUE
tions.

This work reports a high-precision x-ray diffraction The x-ray studies were performed on a two-circle dif-
study of phase transition effects at various high-symmetrjractometer using copper-anod€a radiation. The low-
reciprocal-lattice points performed within a broad temperatemperature measurements were made with a Cryogenics
ture range(10—300 K including T,=186 K (HgCl,). The  closed-cycle cryostat providing a good temperature stabiliza-
interest was focused at thepoints at zone boundary. Bragg tion (=~0.1 K). The samples wereX33 X 3-mm high-quality
reflections at these points in the tetragonal phdsf are ~ mercurous chloride crystals cleaved along 4.0 and
forbidden by selection rules and should appear in the low{110) planes and cut in thé01) plane. Prior to measure-
temperature orthorhombic phas®¥) as a result of the ments, the samples were etched for a short time in an aqua
phase transition, unit-cell doubling, and the-I" transfer in  regia solution in distilled water. All measurements were
the Brillouin zone. At the same time, in the high-temperaturemade on thg110 faces.

1063-7834/99/41(1)/5/$15.00 132 © 1999 American Institute of Physics
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3,3,0) Figure 1 presentd =200 K a typical extended scan

“o0oor "{ through the reciprocal-latticdor Brillouin zone points
& n I'-X-T" (3.5+ », 2.5— 5, 0) with the Bragg and a diffuse
> 20000k 4," reflection at theX point (3.5, 2.5, 0. This scan coincides in

§ ,' l\ (4.2.0) direction with the soffT A-wave propagation in H&l, crys-

3 .7 \ ‘3-5;.3-i’1%) ' tals. ThisI'=X-I" scan permits one to observe, besides the
P “on AN At ritiitn ot “ee diffuse maximum, very strong fundamentéragg even
30 35 4.0 (h+k+1=2n) reflections(3,3,0 and(4,2,0 allowed for the
Wavevector

bce tetragonal D3/) lattice of HgCl, crystals. The oddH
FIG. 1. Fundamental Bragg reflectiof®3,0 and (4,2,0 and the diffuse ~ +k+1=2n+1) Bragg reflections are forbidden by the se-
;"C"Z:”;‘t#nggghi zon point (3.5,2.5,0 obtained in an extendeld-X-T'" |action rules for this structure, but an extended scan in the
' ZE—X—EZ direction (3.5+ 5, 2.5+ 7, 0) performed in the
vicinity of T. revealed broad low-intensity3,2,0 and
2. EXPERIMENTAL RESULTS AND DISCUSSION (4,3,0 maxima, which could be induced by a phase transi-
aEion, as well as by structural imperfections, including defects

We studied the temperature dependence of diffuse sc . . X ; )
these low-intensity odd reflections are not shown in the fig-

tering at the various Brillouin-zon¥ points with moderate
indices h and k and I=0 [primarily the (3.5,2.5,0 and  Ures- _ . _
(2.5,1.5,0 points] of the reciprocal lattice. It should be noted ~ The above-mentioned diffuse8.5, 2.5, 0 reflections

that working with highh andk indices results in a low in- (Mmaxima can be seen in Fig. 2 in scans made in two mutu-
tensity of the corresponding diffuse reflections, while srhall ally perpendicular directiond—X-I" and ZE-X-EZ, at
andk entail a lower resolution and a substantial increase of¥arious temperature$=T.. The integrated intensity and
background scattering in the X-ray spectra and of experimeramplitude of these reflections increase upon cooling, as one

tal errors. approached ., and their FWHM decreases. The profile of
- -
1000 200 K 1000 200X
5001 5061
0 4 0 :
15001 1500}
190 K
10001 10001
n
N
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E ]
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FIG. 2. Diffuse maximg3.5,2.5,0 obtained in['—X-I" (left-hand pant andZE—X—-EZ (right-hand pastscans at different temperatur€s= T (points —
experiment, solid lines — Lorentzians
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FIG. 3'. Temperature dependence_s of the integrate_d int«_ansities of diﬁusEIG. 4. Temperature dependences of the FWHM of diffuse reflections at the
scattering at the zone-boundaXypoint (3.5,2.5,0 obtained in(a) I'-X-T" zone-boundaryX point (3.5,2.5,0 obtained in (@ I'-X-I" and (b)

and(b) ZE-X-EZ scans. ZE-X-EZ scans(points — experiment, dashed lines are drawn to aid the

eye.
these reflections can be fit well to a Lorentzighe solid
lines in Fig. 2: problem, would require special high-precision measure-
[(K)=AAY[AZ+4(K—-K,)?], (1) mepts, which were outside the scope of the present investi-
. L . . gation.
whereA is the reflectlon'mtensﬂf(amplltudé, K andK, are Figure 4 displays the temperature dependence of the
the wave vectors, and is the FWHM. diffuse-reflection FWHM. One readily sees that the FWHM

This data treatment permits one to derive with a highyepends here strongly on temperature, decreasing by a few
accuracy the main parametefamplitude, FWHM, inte- e \when cooled from room temperatureTte T, (186 K).
grated intensity etg.of these reflections. The large FWHM g0 T_ it remains approximately constant, which is prima-
of these diffuse reflections obtained in-X—I" scans origi- iy, que to a phase-transition—induced transformation of
nates primarily from interaction with the SOA mode  hege reflections to fundamental reflections, whose FWHM
(wave in the vicinity of th2e zoneX point, which has small ,q,a1ly depends weakly on temperature, and, to a lower ex-
dispersion §,=8 me\ﬁ-A ) in this d|£ect|on compared 10 ant on the resolution being limited by the x-ray diffracto-
the large dispersion\=255 me\*-A?) of this TA mode meter response function. It is well known that the correlation

5
seen alongZ E-X-EZ. length, the most essential parameter characterizing structural

~ The temperature dependences of the integrated intenskyase transitions, is inversely proportional to the FWHM of
ties of the HgCl, diffuse reflections are shown in Fig. 3. 5 yiffuse maximum

One observes up to room temperature broad low-intensity

maxima at the zon& points, and their comparison with the E=2/IA, (2
nearest Bragg reflectionsee, e.g., Fig. )Llpermits one to
estimate the amount of the orthorhombic phase in the tetra
onal paraphase matrix, which at room temperature is abo

0.1%. Cooling from room temperature reveals a slow rise if#SiNg one half of the FWHM. o
diffuse-reflection intensity with a sharp anomdlycreasg The correlation length can actually be identified with the

nearT, and a subsequent slowing down of this rise undersize of the clysters. Thus we can derive the size of the clus-
further cooling(for T<T,). It should be pointed out that the €S and their temperature dependence from the measured
temperature dependence of integrated intensityTatT, T WHM relation. The correlation lengths measured in our
does not exhibit any jumps, thus confirming the continuity of€Xperiment in two directions differ 0_bV|oust by a few times.
the phase transition under study. Foe T, the phase tran- At room temperature, the correlation lengths are, accord-
sition and the associated unit-cell doubling atesT tran-  iNgly, 70 and 250 A for thd’—X—T" andZE-X—EZ direc-
sition in the Brillouin zone transform the diffuse reflections IONS- AS one approachdg under cooling, these dimensions

at theX points to the fundamental Bragg reflections allowed!ncréase monotonically by a few times and reach several
in x-ray scattering. The behavior of the integrated intensit

ythousand A, to become comparable to the wavelength of vis-
of these reflections fofr <T. in displacive transitions is di-

ible light.
rectly related to the temperature dependence of the order 1N€ dependence of inverse correlation length on reduced
parameter. In our case the order parameter corresponds fgmpPerature can be written
oppositely directed shift of the centers of gravity of the near- A~t", 3)
est HgCl, molecules in the adjacen(tl10) planes along
[110].2 Quantitative investigation of the temperature depenwheret=T—T//T, is the reduced temperature, ands the
dence of the order parameter, while being an interestingritical exponent.

vhere ¢ is the correlation lengthd is the FWHM, and the
actor two in this relation is accounted for by the need of
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the critical exponeny was determined. From room tempera-
ture down toT=195 K, y remains practically constant, 1.0
+0.1 (the values obtained in the two orthogonal scans used

in the work are naturally equal As one approaches
T.=186 K under further cooling, the critical exponentle-
creases monotonically. This experimental observation, reli-
ably established, appears strange, because it implies that in
-7 od® the immediate vicinity ofT ;. the growth of the amplitude of
P the diffuse maxima slows down.
o 2 All the above results relate to x-ray investigation of the
- broad diffuse component. We also made an attempt to detect
-35 1 1 close toT. the second, more narrow component in,Bg,
~z.5 1.5 ot 0.5 0 which has recently been observed in perovskji@sTiOs,
I RbCak, KMnF; (Ref. 4] using the rotating anode or high-
FIG. 5. Log-log plot of the inverse correlation lengthvsreduced tempera- power synchrotron radiation, high-quality single crystals,
turet. (8) T—X-T scan,(b) ZE-X—EZ scan; points — experiment, dashed and very good resolution. Our attempt, however, failed,
lines - linear approximation. which can probably be attributed to poorer parameters of our
experiment.

-1.5F ﬁlfn)‘ I W

lgd
A"

In order to determine the critical exponantthe experi-
mental relation of Fig. 4, after subtraction of the backgroundg. piscussioN
which is the FWHM of the reflections foF<T., was plot- . . )
ted on a log-log scalésee Fig. 5 The experimental points The studies carried out on KQgl, single crystals showed
of these relations were fit to straight lines, and their slopedhat the soffTA mode undergoes condensation at the zone-
yielded the average values of the critical exponents, 0.85oundaryX point, and that the phase transition is accompa-
+0.1 and 0.96:0.1. for thel —X—T andZE—X—EZ direc- Nied by unit-cell doubling in the basal plane and>n:T’
tions, respectively. The difference between these values liggansition in the Brillouin zone. The monotonic increase of
within experimental error. It should be pointed out that agthe integrated intensity of diffusion reflections and the ab-

one approached,, these exponents decrease slightly toS€Nce of any jumps &t="T, is not at odds with the mooeel
reach~ 0.5 in the immediate vicinity of .. of continuous ferroelastic phase transition in the vicinity of

An important characteristic of diffuse x-ray scattering is the tricritical point. The observed and studied diffuse scatter-
the diffraction-maximum amplitude. By simulating the pro- iNd at high temperatures is primarily associated with the
file of these maxima with a Lorentzian we were able to deXnucleation of static clusters. At the same time as one ap-
rive the temperature dependence of the ampli(stégtic sus- proachesT. under cooling, the dynamic effects connected

ceptibility), which resembles that of the integrated intensity.With spatial and temporal order-parameter fluctuations will
We may recall that increase, which should become manifest in an increasing

@ contribution of dynamic clusters to diffuse scattering. It is
A~t77, 4

certainly the latter effect that is observed, but we did not
whereA is the amplituddintensity at reflection maximumt succeed in separating the static and dynamic contributions.
is the reduced temperature, afds the critical exponent.

Besides this reasafinteraction with thel A soft mode at the
Figure 6 plots on a log-log scale this relation, for which Zone-boundary point), the large anisotropy in the correla-
tion length revealed in two orthogonal directiods;-X—T"
andZE—-X—-EZ, can be due also, although to a lesser extent,
4.0 to some elastic anisotropy near the surface of these crystals
° on (the average x-ray penetration depth is abouirs). It ap-
a pears natural to relate the nucleation of static clusters to the
o presence in the crystals under study of various growth-
2.5 %a induced defects, for instance, dislocations, residual elastic-
a stress fields, point defects etc. We may recall that these crys-
tals exhibit a very strong depender(aecrease of the phase-
o transition temperatureT. on hydrostatic and uniaxial
pressure, 43.8 and 103 K/kbar, respectiVelyhich means
a that defects capable of generating in their vicinity elastic-
a stress fields can initiate nucleation of the low-temperature
a orthorhombic phase even at room temperature. It should be
added that the criterion of the minimum of elastic and sur-
~2.5 ~1.5 05 0 face energy makes nucleation of a ferroelectric phase in the
gt A .
paraphase matrix in the form of extended, small-radius cyl-
FIG. 6. Log-log plot of the diffuse-maximum amplitudevsreduced tem-  inders or very thin platelets preferable. Optical stutlimsd
peraturet. calculations made for HEl, crystals argue for the forma-

A

1.5 : .
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tion of nuclei only in the form of platelets parallel {&10}, of cluster interaction, because the content of the ferroelastic
with their cross section being characterized by two differenphase in the paraphase matrix of Jdd, at these tempera-

dimensions, thickness and width, along fh&0] and[lTO] tures constitutes already a few percent, making it a mixed

directions. It is this anisotropfdifferent correlation lengths heterophase crystal. It may be that the latter conclusion is

that was observed in our x-ray scans alonglfheX—-I" and  valid only for near-surface regions in the crystal.

ZE-X-EZ directions(see Fig. 4 The authors consider it a pleasure to thank A. A.
It appears interesting to compare the critical exponent&aplyanski and A. P. Levanyuk for fruitful discussions.

obtained in this work with those of the above-mentioned  Partial support of RFRF-DF@Grant 96-02-0013Band

perovskites, which undergo first-order phase transitions witiRussian Fundamental Research Foundati@nant 98-02-

soft-mode condensation at the zone-bound@ryoint. The 16144 is gratefully acknowledged.
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Photoluminescence spectra of thin hydrogenated-silicon films having mixed amorphous-
nanocrystalline phase composition have been studied. Fabry-Perot interference was found to affect
strongly the shape of the spectra. An analysis of the spectra made with inclusion of

interference corrections shows that only one emission band forms in the 0.6mlt8gion due

to carrier recombination at centers of the same type.1999 American Institute of
Physics[S1063-7839)03201-3

The optical and electrical properties of nanoscale semithe following parameters: thickness 0.6—Quf, refractive
conductor crystallites are presently attracting considerablendex 2.2—2.8, absorption coefficient at the pump argon-laser
interest, because, on the one hand, these objects exhibit vemavelength(488 nm about 16 cm™ !, and gap width 1.9—
strong size-quantization effects, and on the other, these m&-1 eV. The volume fraction of the crystallites and their av-
terials may provide a basis for development of novel opto-erage diameter, derived from numerical processing of the
electronic deviced? In particular, observation of intense vis- Raman spectra of films and, particularly, from the conditions
ible emission at room temperature from low-dimensionalof deposition, could be varied within 0-40% and 30-50 A,
silicon structure$ > offers a possibility of constructing injec- respectively.
tion-type light-emitting devices compatible with silicon- PL measurements were performed both at liquid-
based opto-electronic integrated circuits. Among nanoscaleitrogen and room temperature. The laser radiation power
objects of this type are thin silicon films with a mixed did not exceed 40 mW. The spectra were measured with an
amorphous-nanocrystalline composition obtained by PBVDR-23 monochromator. Within the 0.6—10n region, the
CVD.5-8 This method permits control within a broad range PL spectra were recorded by a B2 PM photomultiplier.
the size of crystallites and their volume fraction, is only The film transmission was measured in the 0.7—pr@
weakly sensitive to substrate choice, and is compatible witllange by a germanium photodiode.
standard silicon technology. The PL measurements were carried out with the film

A number of experimental studies reported that photolufacing the monochromator slit, and the pump laser beam tra-
minescencéPL) spectra of heterophase silicon films contain,versing the sample from the side of the quartz substrate.
as a rule, several emission bands. Some authors associ&éer this, the optical transmission spectrum was recorded
them with various types of emitting centers present inwith the sample in the same position. The thickness and re-
films.®~* It should, however, be borne in mind that a thin fractive index of the film were derived from the interference
hydrogenated silicon film on a polished substrate is close istructure of the transmission spectrum in the IR region.
optical properties to the Fabry-Perot etalon so that it can Figure 1 presents a typical PL spectrywith the laser
exhibit interference effects which may affect substantiallypeam directed along the sample surface noymiébr correc-
the shape of PL spectfa.For certain relations between the tion for the response function of the measurement system. A
refractive index and film thickness, the number of interfer-characteristic feature is the presence of several maxima.
ence maxima in the spectral region under study can be limThese spectra lie in the PL region expected both from the
ited to two or three broad peaks capable of masking the trusanocrystallite®® and from the amorphous matrix. A com-
PL spectrum. Hence, when investigating the emitting propparison of the PL and transmission spectra revealed, how-
erties of such objects, one should first exclude the simplesver, that the extrema of both spectra lie at the same wave-
cause for the appearance of an additional structure in Plengths, which argues for the interference origin of the many-
spectra, namely, interference. peak PL. Thus, in order to determine the true PL spectrum,

one has to exclude first of all its modulation by interference.

1. EXPERIMENT

) . . _ 2. THEORY
The films with mixed amorphous-nanocrystalline com-

position were grown by PE CVD. To stimulate nanocrystal-  The emergence of Fabry-Perot interference in the emis-
lite formation, the layers were deposited from silane dilutedsion spectra of epitaxial filmgin the case of ZnSewas
strongly (>95%) by hydrogen. The films thus produced haddiscussed in Ref. 17, which proposed also the corresponding

1063-7834/99/41(1)/6/$15.00 137 © 1999 American Institute of Physics
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5 o .0 where E is the electric field vector, an® and B are the
& ' electric and magnetic induction vectors, respectivety (
= w/c is the wave vector of light in vacuuna,is the velocity
192 of light, andw is frequency.
Consider the solution of this system for a four-layer pla-
] nar structure depicted schematically in Fig. 2. In accordance
. . ' . . - with our experimental conditions, the structure consists of a
12 16 2.0 thin emitting film, z;<z<<z,, of thicknessL, and a thick
Energy, eV substratez,<z<z,;, of thicknesd.,, which are sandwiched

FIG. 1. (1) Experimental PL . . o alline fi between transparent semi-infinite layers z; and z<z;.

J1. xperimental spectrum of an amorphous-nanocrystalline film . . P

and (2) transmission spectrum measured at the point where the emissio\r4ve Sha" denote _the dielectric permittivity O_f the layer to the

spectrum was obtained.= 77 K. left (right) of the interfacez; by &j (gj_1), With e3=¢. In
accordance with Fig. 2, it is assumed that thaxis is per-
pendicular to the interfaces of the structure, and that the ra-

) ) ) o ) ~diation of frequencyw is detected at an angle in the z

This expression was denv@cpy the methodsee, e.g., Ref.  case the wave vectoks of normal waves contributing to the

18, Ch. 4 involving summation of partial electric-field am- emission in this geometry have the same tangential compo-

plitudes undergoing multiple reflection from the layer bound'nents,Kyzo andK .= \eq ko sin (¢), for all waves.

aries, which was applied to the case of field sources inside | view of the translational symmetry of the problem

nearly nqrmally to thg inner film surface and one can thuq(” (K«,K,) is a two-dimensional wave vector in a plane

neglect light absorption at the emitted frequency. At theparallel to the interfaces. We shall understand subsequently

same time studies of Iummesice'nce spectra for arpnrary sy the quantities® (2) the amplitudes (K ,z; w) of fieldsF

diation escape angles and within the spectral region wher —E,B,D,j) and consider the responge(z,g) (|~:=E,§)

Z\gforptlon cannot be considered small may also be of mtedf the system to a singular polarization curréie)- 8 (z

Straightforward application of the approach in Ref. 17 tocué;zelgtcja(hzz)ej }rc]j t;]efg) g;p()lza_n; IZ;EﬁZSe ?:ntﬂlem;f&gjrtemsl
obtain a more general expression for radiation intensity with, I -
inclusion of oblique light propagation in a film is impossible IeIdDFirEecht_ir{tgng;t(iz’rf)c;f Eqs(1) and (2) over the thickness
if the relations connecting the electric field amplitudes at theOf the infinitelg thin la erqcontainin the sinqular-current
boundaries of each elementary emitting layer are unknown.I B yd k'y . 9 h E ial
These relations are determined by the orientation of the glf'ane z= < made taking into account .t ?‘t.t e tangentia
ementary emitters, which can be prescribed, for example, bgi(;r::jzogesr;zg;ﬁ;[dfoszggr;j%g:;i%gr:(s) infinity anywhere,

the density vector of the extraneous polarization curfent

Then the problem of light emission will reduce to finding the = _R (s - i
electromagnetic field at the outéemitting film surface ByE+00)=B,((=00) == (4mle)] (L), ®
from the given currentginside the film which, in their turn, E({+00)—E({—0,0)=(4mlc)(ner)j (), (4
are determined by the external excitation source.

We shall start with Maxwell’'s equations formulated for  B,(¢+0,)—B,({—0,)=(4/c)j,({), (5)
the frequency Fourier components of the fields _ _

Ey({+0.0)—Ey({-04)=0, (6)
curlE(r; o) =ikoB(r; ), (D wheren,=K,/k,. Note that boundary conditior{8) and(4)

correspond to thp wave polarization, and conditiortS) and
curlB(r; w)=—ikoD(r;w) +4w/cj(r;w) , (2 (6), to s polarization. At all pointsz# ¢ corresponding to the
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interfacesz;, z,, andz;, the standard continuity conditions Equations(8)—(10), (12), and(13) are actually the solu-

for the tangential components of the fiel@s(z,¢) and  tion of the formulated problem, and they permit one to take

E(z £) are met into account the effect of Fabry-Perot interference when
The above full system of boundary conditions relates thém:"‘fjltmg experimental luminescence data. Note that the

amplitudes of the waves depicted schematically in Fig. 2 bymethod proposed here reduces to finding the electrodynamic

N : . &sreen’s functions determining the fields at the outer bound-
inclined arrows and permits one to express the electric fiel ) ; :
ary of layer 2. A full Green’s function system applicable to a

E (25— 0,) at the outer interface; of the structure through  tyree-layer planar structure was described in Ref. 19 and
the extraneous current densjt(). Itis assumed that at the ;se( to solve the problem of light reflection with inclusion of
z, interface one can neglect the contribution due to thesingular perturbations in dielectric permittivity at interfaces.
waves reflected from the; interface because of the large

substrate thickness, . 3. RESULTS AND DISCUSSION

Settingz;=0, we obtain for thep ands components, Taking into account the experimental conditions of in-

(0=p,s) of the fieldE (—0,{) (see Fig. 2 terest herdoptical excitation from the side of the substyate
~Ep(—0,§)=prjx+szjz, Es(—0,§)=Gsyjy, @) ;/;:2 ?Qrar: prescribe the source spatial-distribution function in
where
Jo(9)cexp(ko({—L)), (14
_ p _
— (47/¢) Ve, DL —L)+rhP(L—0) ®) where coefficienk, * has the meaning of effective diffusion
PX eong+eNe, d(—L)+ OB d(L) depth of photogenerated carriers trapped by the emitting cen-
ters. Coefficientk, should be equal or larger in order of
_(4mlc) Veon, @({—L)—rB,d(L—¢) © magnitude than the light extinction coefficient at the pump
% eoNgteaNo, @(—L)+rrBd(L) frequency. _
Integration in Eqs(12) and(13), made with due account
(4mlc) ®(L—L)+r5®(L—) of Eq. (14), yields the following expressions for theands

= , (100 PL component intensities
ST Nyt No, d(—L)+rirsd(L) P

2, 12

rij=(v{ —v{)/(v{+ 7)) is the reflection coefficient of po- JP= S(@)(Ing7l*+ n5) L+ |r8y2,
larized light at the interface separating two semi-infinite me- |e, cosp+ \/s_0n22|2
diai andj (i,j=0,1,2,3) for the light passing from medium y 2
into mediumj, »P=g;/n;,,v’=—nj, .= egsin(g), nj, 2)r8 N2, ~Mp AP (15
= - = = — 21 2 2'3 L

VE;] nx2 (Imn;;=0), ® (z)=exp (kgn,2), andL=L,. N2 "+

To calculate the light intensity “ (w,¢) emitted at a

frequencyw in o polarization and emerging at an angle S(w)

one has to specify the statistical behavior of random extra- 9 = S (1|15 ?1+2[r5 13)/AF
N2, + e cosg|

neous currentp({) by prescribing appropriately the correla- (16)
tion function (j,(£)jz({")) (a,8=x,y,2). Assuming the
currents excited at different pointsand ¢’ to be fully sta-
tistically independent and excited isotropically, this functionAtLT: |CI>(—L)+rgzr§1<D(L)|2;
can be presented in the form

(Ja(DiE(L))=H,0) 8,58~ 1") 1y h=

where the angular brackets . .) denote statistical, includ-
ing orientat?ona}l, averaging over the ensemble of randoml—g= 1 {e~ oM qsin(AZ+qL)
current realizations. x+q?

The dependence of thE function on light frequencyw
determines the trué@wvithout taking into account Fabry-Perot — %9 COSAZ + L) ]~ SiNAZ;+ 2o COSAZ L ;
interference spectral profileS(w) of the radiation, and its
dependence o4 is related to the spatial distributiahy ({)
of luminescence excitation sources inside the sample. AsAJ,=argr%;,), o=p,s. (17)
suming F (w,{)*S(w)-Jg (), we obtain for the measured
radiation intensity

where

1—exp(—(x9—x,)L) | =1—eX[:(—(%O+%2)L)

Xo— KXo 2 %0+ L9

%2:2k0|m nZZ, q:2ko RenZZ,

Integrall ; determines the contribution of th& ~) waves
(see Fig. 2 emitted by the sources directly toward the outer
o L 5 ) boundary of layer 2, and, takes into account th&(™)
J _S("’)fo dddo()(|Gpul @, O)[*+[GpL, D) , waves, which were initially emitted toward the inner layer
(12 interface but reversed the propagation direction after a single
reflection from this interface. Integraf describes the mu-
J5=S(w)deZJo(g)ley(w,Z)lz. (13  tual interference of th&™) and E(") waves. The interfer-
0 ence arising in multiple traversal of waves through layer 2
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and their multiple reflection from the outer and inner bound- [
aries of this layer is characterized by the interference de- 10k
nominatorsA{ in Egs.(15) and(16). )

Note that the interference denominatof enters explic- 5
itly the expression for the energy transmission coefficient of
the whole structuréFig. 2)

To=|D (L)t ttol2/AT, (18

where ®, (L) =exp (kony L), andtj=1+r{ are ampli-
tude transmission coefficients at the interface separating the
two semi-infinite media andj. If integralsig in Egs.(15)
and (16) can be neglected, and the dispersion in the fre-
guency region of interest is negligible, then the interference
structure in the PL spectrum, as seen from a comparison of
(18) with Egs.(15) and(16), is fully determined by that of
the transmission coefficieft’. 0.2k
It should also be pointed out that the correctiogsfor
thep component intensity entering E@.5) describe the con- -
tribution to emission by harmonic oscillators vibrating along
the Z axis of the structure. AssumingZ<|e,| and Ims, Ny E—
=0 makes Egs(15) and(16) equivalent to the expressions Energy, eV
derived in Ref. 17. If the radiation emerges normal to the

; ; '« FIG. 3. (1) Experimental PL spectrum an(®) reconstructed spectrum
film surface, Eqs(15) and(16) yleld the same result, as this (pointy obtained by division of spectrurh by the transmission spectrum.

should be expected. . o ) T=77 K. Solid line 2 is the reconstructed spectrum approximated by a
For our amorphous-nanocrystalline silicon films of Gaussian witrE,,,=1.52 eV and FWHM-0.3 eV.

thicknessL~0.7um, the extinction coefficient of pump

light at the wavelength =488 nm is about 0cm !, and

the refractive index of the material, 2.2—2.8. In these condiclude interference effects in the PL of thin films, it is suffi-
tions, the integral§ in Egs.(15) and(16), which contributes  cient to measure the spectra ip polarized light at

to interference, is small compared kg and I, within the luminescence escape angles ngawithout invoking inves-
wavelength interval of interest, and the spectrum of an extigation of transmission spectra.

cited center is primarily modulated by the interference struc-  The above analysis permits a conclusion that the true PL
ture of the film transmission spectrum. Hence, by dividingspectrum of the films studied here is associated with one type
the PL spectrum by the transmission spectrum, one can ex-

clude the interference effect in the emission spectrum of the
recombination center. This is illustrated by Fig. 3 presenting 7.0k
the original PL spectrum under normab£0°) emergence

of radiation(curve 1), the result of its division by the trans-
mission spectrunjcurve2, pointg, and approximation of the
spectrum obtained in this way by a Gaussiaalid line 2.

As follows from Eqgs.(15) and (16), the observed inter-
ference pattern in the original PL spectrum is due to the
frequency dependence of the interference denomin&afar
The structure of the expression faf’ shows that the ampli-
tude of oscillations inA] is determined by the reflection
coefficientsrg, andr3,. For thep component §=p), these
coefficients become small at emergence angles close to the
Brewster anglepg . In this casdsee Eq.(17)] the interfer-
ence effect turns out to be insignificant.

Figure 4 shows PL spectra calculated using @&) as
functions of the radiation emergence angle€for the p po-
larization. TheS(w) function was calculated based on the
parameters of the Gaussian approximating the PL spectrum
in Fig. 3. As seen from curv8 in Fig. 4, the interference
pattern of the spectrum does indeed disappeapatpg
=arctan/e,. The PL spectra measured at the escape angles 12 1.4
of the p polarized luminescence used in Fig. 4 are displayed
in Fig. 5. One observes a good correlation between the thgsg. 4. Theoreticap-polarized PL spectra obtained at different radiation
oretical (Fig. 4) and experimentalFig. 5 data. Thus to ex- emergence angles(°): 1 — 0; 2 — 45; 3 — 66 (Brewster anglg 4 — 82.

PL intensity, arb.units

PL intensity, arb. units

7.6
Energy, eV
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nanocrystalline clusters. Localization of photoexcited car-

FIG. 5. Experimentap-polarized PL spectra obtained at different radiation riers in the regions of the film where a noticeable fraction of

emergence angles(°®): 1 — 0; 2 — 45;3 — 66 (Brewster anglg 4 — 82. . . . .

T=77 K. nanocrystallites underwent clusterization is hardly likely.
This increases substantially the probability of their transfer
to nonradiative states, which results in the PL decay. As seen

of recombination centers producing the emission line aboutrom Fig. 6, the PL signal disappears when the volume frac-

1.5 eV with a FWHM of~0.3 eV. Our measurements es- tion of the nanocrystalline phase is about 25%.

tablished that the position of the PL peak was practically  Note that obtaining thin films with no interference alto-

independent of the size and volume fraction of nanocrystalgether would require special technological procedures, for

lites, which varied depending on the deposition technologynstance, grinding the quartz substrate, which may, in par-
employed, in the ranges of 30-50 A and 0-40%, respecticular, interfere with crystallite nucleation and affect the
tively. Thus the observed emission is apparently not confilm properties. Therefore it appears expedient to measure
nected with electron-hole pair recombination inside nanotransmission and PL spectra from the same point on the film
crystallites. The comparatively weak temperature quenchingurface, which will permit reconstruction of the true lumines-
of the PL (the signal decreased by less than two orders otence spectrum in the cases where the film parameters allow
magnitude while the film temperature increased from the nithe onset of interference.

trogen to room temperatyrdoes not permit one to relate the In very thin films L<<0.4um), only one interference

PL seen in the experiments to recombination via the tails irmaximum may form in the spectral region under study. Its

the density of localized states, as is characteristic of converposition and width are extremely sensitive to small variations

tional bulk amorphous silicon. On the other hand, in view ofin thickness and refractive index of the film, which may vary
the high porosity of the filmgwhich is implied by the rela- from one sample lot to another, as well as in the subsequent
tively small refractive indekone cannot exclude a substan- processing of the samples. One should not overlook this
tial effect from localized surface states in pores on the radiapoint when discussing possible microscopic mechanisms of
tive recombination of carriers. PL spectrum formation.

A recombination mechanism involving excitons local- Thus investigation of the PL of thin hydrogenated
ized at pore surfaces and nanocrystallite interfaces has beamorphous-nanocrystalline silicon films has revealed a
proposed®~22 Note that the films studied by us exhibited strong effect of Fabry-Perot interference on the spectral
fast(ns-scalg PL kinetics. This suggests that an exciton-like shape. Analytic expressions for emission-band shape includ-
mechanism of radiative recombination operates also ifng interference corrections have been derived. It has been
amorphous-nanocrystalline silicon films investigated in thisshown that the true luminescence spectrum in a film—
work. transparent-substrate system allowing PL excitation from the

The above procedure of finding the true luminescenceside of the substrate can be reconstructed by straightforward
spectrum was used by us also to study the dependence division of the PL spectrum by the experimental transmis-
integrated PL intensity on the volume fraction of nanocrys-sion spectrum of the sample under study. An analysis of
tallites in films with mixed amorphous-nanocrystalline com-spectra made with inclusion of interference corrections
position(Fig. 6). The sharp drop in PL intensity observed to showed that only one emission band due to carrier recombi-
occur with increasing volume fraction of the nanocrystallinenation at centers of the same type forms within the 0.6-1.0
phase can be associated with the formation of extendegim interval. The film PL was found practically to disappear
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The photocurrent was measured as a function of the external electric field in short-period AlAs/
GaAs superlattices for various photon energies. Transport resonances, whose positions do

not depend on the photon energy, were observed in these dependences together with optical
resonances due to interband transitions in Wannier—Stark levels. It is shown that the

transport resonances are due to tunneling of photoelectrons fropp@a#\s contact region into

the first level in GaAs wells located 2-5 lattice periods from the contact layerl9@9

American Institute of Physic§S1063-783@9)03301-§

It is known that an external electric fieklshould lead to  were inconsistent with the hypothesis of tunneling between
localization of electron wave functions in an ideal crystal andStark levels belonging to different electron and hole mini-
decomposition of quasicontinuous energy bands into &ands. To investigate further the mechanisms of electron
“Wannier—Stark laddet’— a series of equidistant levels transport in short-period superlattices and to determine the
with spacingAE=eaF, wherea is the lattice period andis ~ microscopic nature of the observed resonances, in the present
the electron chargeln ordinary semiconductor crystals, for work the external field dependences of the photocurrent were
realistic uniform electric field<10° V/cm, AE is small measured in a wide range of photon energies, including in
compared to the width of the levels, which is determined bythe region where tunneling resonance dominate over optical
scattering processes. This makes it impossible to observe tfig@nsitions in Wannier—Stark levels. It is shown that the ex-
Wannier—Stark ladder experimentally. Semiconductor superPerimental data can be explained well by resonance tunnel-
lattices have turned out to be good objects for investigatindnd of photoelectrons from thp-GaAs contact layer to the
Stark states. The periaof the superlattice, the width of the first size-quantization level in GaAs layers of the superlat-
minibands, and therefore the distankE between the Stark tiCe.
levels can be fixed independently by varying the thickness
and composition of individual layers during the epitaxy pro-
cess. Wannier—Stark quantization has been observed experi-
mentally in Refs. 2—4. Eurther investigations ha_ve .shownl_ EXPERIMENTAL PROCEDURE
that not only Stark localization, but also delocalization of
electron wave functions as a result of Zener resonance tun-  The experimental samples consisted psfi—n diodes,
neling with the participation of Wannier—Stark states, ocCufyhose undopedregions contained short-period superlattices
with increasing fiel®-8In Refs. 5 and 6, Zener tunneling of (AlAs),/(GaAs), with m=3—5, n=10—13 monolayers
electrons in superlattices was studied on the basis of antjyL) and N=30-50 periods. The samples were grown by
crossing of the lines of optical transitions in Wannier—Starkmolecular-beam epitaxy(MBE) on GaAs (100 sub-
levels belonging to minibands with different numbers. Zenerstrates*'° The superlattice was separated from the substrate
tunneling with participation of Wannier—Stark states is like-py a strongly doped~1um thick n*-GaAs buffer layer,
wise manifested in the first and second applied voltage deyhich was used as the bottom contact. A Quéh thick
rivatives of the current-voltage characteristics of the darkar_GaAs contact layer was grown on top of the superlattice.
current’® Another resonance effect appears in the form of aThe details of the procedure used to grow the superlattices
series of peaks observed in plots of the photocurrent versugnd to monitor their structural perfection are described in
the external electric field.The position of these peaks did Refs. 9 and 10. Mesostructures with a diameterdf mm
not depend on the photon energy, so that they could not band ohmic contacts to theandp layers were fabricated on
explained by optical transitions in Wannier—Stark levels. Inthe initial epitaxial structure@~ig. 13. The measurements of
Ref. 7 it was suggested that the photocurrent peaks are duetite spectra of the barrier photocurrent arising between the
the competition between transport and recombination of phoeontacts when the structure is illuminated were conducted at
toexcited charge carriers. However, the experimental datd.2 K using the automated apparatus described in Ref. 10.
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FIG. 1. 3 Mesa structure based onpe-i—n diode with a(AlAs)/(GaAs

Al'perovich et al.

2. RESULTS AND DISCUSSION

The energy diagram of the semiconductor superlattice in
an electric fieldF is shown schematically in Fig. 1b. The
electric field takes the size-quantization levels in individual
GaAs wells, where the levels form a miniband in the absence
of a field F=0, out of resonance. As a result, the miniband
decomposes into a system of equidistant Wannier—Stark en-
ergy levels, and the electron and hole wave functions be-
come localized in individual quantum wefls? The arrows
in Fig. 1b show possible channels of optical transitions, di-
rect and indirect in space, between Wannier—Stark levels in
the valence and conduction bands. Indirect optical transitions
are possible as a result of tunneling of electrons from neigh-
boring wells into the central welwhich lies at the position
of the well for a photohole The thresholdsi w, of such
interband transitions are described by the following relation:

ho,=hwe+neaF, (1)

wheren=0,=1,+2, ....enumerates the junctions afid
is the energy of the fundamentalkertical transition between
hole and electron size-quantization levels.

Figure 2 shows the photocurrent spectrum measured
with zero external bias in the built-in electric field of the
p—i—n structure. A series of transitions in Wannier—Stark
levels, right up to large numbers= —5, is observed in the
spectrum. This attests to the high quality of the superlattices
investigated. Nonetheless, as shown in Ref. 10, even in the
best of the experimental superlattices, together with a mono-
tonic variation of the thickness of the levels over the area of
the epitaxial structure, small-scale protuberances of the order
of 1 ML high and=<10 nm in lateral size are present on the

superlatticgSL) with an undoped-region and the scheme for measuring the heteroboundaries. It should be noted that Wannier—Stark

photocurrent. p Energy diagram of a fragment of the superlattice in an
electric field and the optical interband transitions between Wannier—Star

levels of the valence and conduction bands.

3, 3

Photocurrent , arb. units

3,

0}

)
-
T T

transitions are observed in the form of clear peaks and not
thresholds, as was expected from the one-electron model of
optical transitions. These peaks are due to the production of

412

FIG. 2. Photocurrent spectrum of a
[(AIAS) 3(GaAs);] X 30 superlattice,
measured with zero reverse bias, in the
0.8 built-in electric field of ap—i—n structure.
The peaks 8,+1h,*=2h, ... correspond
to optical transitions from heavy holé)
levels to Wannier—Stark levels in the con-
duction band, the peakslO+1l corre-
spond to optical transitions from light-
hole levels (). The spectrum is
0.4 constructed in linear(right-hand scale
and logarithmic(left-hand scalgscales in
order to determine the optical transitions
to Wannier—Stark levels with large num-
- bersn. T=4.2 K.

1.7
Photon energy,eV
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FIG. 3. Photocurrent versus applied voltage curves measured in a
[(AlAs) 3(GaAs44] X 30 superlattice for different photon energigs (eV):
1—171,2—172,3— 1.73,4 — 1.96,5 — 1.78. The dashed lines
connect peaks corresponding to optical resonances — spatially indirect pho-
totransitions to Wannier—Stark levetslh,—2h, and —3h. The vertical . . . Lo
dotted lines show the transport photocurrent resonances due to tunneling b{C- 4- @ Energy band diagram of a one-dimensional :‘uperlattlce, '"l:S"at'
photoelectrons along Wannier—Stark levels. In contrast to the optical resdnd & tunneling resonance witke=2 between the firsE; and seconds;

nances, the position of the transport resonances does not depend on tidantization levels of electrons in the GaAs layefsSame for resonance
photon energy. tunneling of photoelectrons from theGaAs contact layer to the first level

ES in the second wellif=2).

bound electron-hole pairs — excitohsAs the transition elh_gelh_} 5
numbern increases, the distance between the electrons and 2 1 =keRa, @
holes partipating in an optical transition decreases, the CowhereES"" andES'" are the centers of the first and second
lomb interaction becomes weaker, and the excitonic peaksinibands of electronse], light holes (), and heavy holes
therefore become less intense and gradually convert intfh), k is the number of the tunneling resonance, equal to the
steps. number of the barriers through which the particle tunnels,
Spatially indirect optical transitions among Wannier—and Fy=(E,—U,)/Na andU, are the resonance values of
Stark levels can be observed not only in the spectral curvethe electric field and applied voltage. Figure 4a shows sche-
of the photocurren{Fig. 2) but also in the curves of the matically the tunneling of electrons through two barrieks (
photocurrent],. versus the external bidd, measured for =2) from the first to the second size-quantization level.
different photon energies. This follows from Ed) and the  When the resonance conditi¢?) is satisfied, the increase in
fan diagram for the transition energiés»,(U) shown in  the photocurrent could be due to an increase in the probabil-
Fig. 5 of Ref. 10. Indeed, for fixed photon energy below theity of extraction of electrons or holes from the superlattice.
energyh w, of the main transition Wannier—Stark levels cor- However, the previously obtained experimental Gatere
responding to the numbens= —1,—2,—3,... should appear inadequate to confirm or reject the assumption that electrons
in the curve of the photocurrent versus the reverse bias. Thend holes tunnel in the bulk of the superlattice between
curvesl,(U) measured in &(AlAs) 3(GaAs);1] X 30 super-  Wannier—Stark levels originating from different minibands.
lattice for different photon energies in the ranje=1.71 To determine the microscopic nature of the transport
—1.96 eV are shown in Fig. 3. The dashed lines connectesonances we performed detailed measurements of the de-
peaks corresponding to optical resonances — spatially indipendences, (% w,U) in a wide range of photon energies,
rect transitions of electrons in Wannier—Stark leveldh, including Zw<fwy, where transport resonances are most
—2h, and —3h with absorption of photons. In accordance clearly observed. A series of curvégs(U) is shown in Fig.
with Eq. (1), the positions of the optical resonances depend. Transport resonances with numb&rs2—5 can be seen
on the photon energy. in this series. Here, the interference from optical resonances
Together with optical resonances, peaks, whose posikould be decreased by making an appropriate choice of the
tions do not depend on the photon energy, are also observguhoton energy range. Similar curves were measured on dif-
in the curves of the photocurrent versus the tiagsee Fig. ferent mesa structures fabricated from the same epitaxial
3). We observed such stationary peak$ransport reso- structure with a [(AIAs)3/(GaAs)1]X50 superlattice.
nances’) in all of the superlattices investigated, both at low Curves of €4— Uy 1, the reciprocal of the total voltage
(T=4.2 K) and room temperatures. The transport resodrop on the superlattice, versus the numbef the tunneling
nances could be due to Zener tunneling of electrons antesonance are shown in Fig. 6 for three mesa structures. Here
holes between quantum-size levels belonging to different, is the reverse bias for which a photocurrent peak corre-
wells and originating from minibands with different sponding to electron tunneling througvarriers is observed.
numbers~’ The condition for observing transport reso- To determine more accurately the position of the resonance
nances has the form k=5, which is not as pronounced in the cungg(U), the
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1 k=2 and hole effective masses as well as the height of AlAs bar-
' ]‘?3 rier were varied within the values presented in the literature,
: so that the computed energid,+ES+E] and E,+ES
+E! of the vertical interband transitions agreed with experi-
ment to within ~1—2 meV. The computed values are as
follows: for electronsEf=205 meV, ES—E]=540 meV;
for light holes E} =130 meV, E,—E} =395 meV; and, for
heavy hole€!=70 meV,Ej—E=200 meV. One can see
that the experimental value of the differeniege— E; deter-
mined from the slope of the curve in Fig. 6 does not agree
. with the calculations for light particlelectrons and light
L L . ) o holeg, while the tunneling of heavy holes through several
4 . -2 0 barriers is unlikely to occur. Therefore the hypothesis of
Applzed voltuge,V resonance tunneling between Stark levels of the first and sec-
FIG. 5. Photocurrend,. versus the bias) curves measured for different ond miniband in the bulk of the s_uperlattlce is not confirmed.
photon energiesi  (eV): 1 — 1.494,2 — 1.503,3 — 1.512,4 — 1.521, We assumed that the experimentally observed transport
5— 1.550,6 — 1.590. Tunneling resonances wkk2—5, whose position ~ resonances are due to tunneling of photoelectrons from the
does not depend on the photon energy, appear in the clpyes). p-GaAs contact region to the ground size-quantization level
Ef in the GaAs layers adjoining the contact. This process is
_ ) _ apparently the “bottleneck” for transport of electrons pro-
experimental curves were differentiated. Least-squaregyced in the contact region through the superlattice. Next,
straight lines were drawn through the experimental pointSg|ectrons with a high probabilittas compared with the prob-
The difference of the slopes of the curves on different mesapility of tunneling out of the contactdescend the Stark
structures is due to the monotonic variation of the period Oﬁadder, losing energy, and are collected by th&aAs col-
the superlattice over the area of the epitaxial structtiftne lecting contact. The process of resonance tunneling from the
dependence shown by the squares corresponds to the norgisptact to the leveES through two AlAs barriers is illus-
nal values of the barrier and well thicknesses, i.e. 3 ML fory aied in Fig. 4b. In contrast to E(R), the resonance condi-
AlAs layers and 11 ML for GaAs layers. If it is assumed that o for the case shown has the folfi= ke Ra. The energy
tunneling in the bulk of the superlattice occurs between Starlgs ihe levelES~230+5 meV, determined from the slope of

levels originating from the first and second minibands, thenne experimental curves in Fig. 6, corresponds approximately
according to Eq(2) the difference between these levléls 4 the computed value 205 meV.

—E1~230+5 meV can be determined from the slope of the A aqditional experimental confirmation of the mecha-
experimental curve. This value was compared with & numeripigm |eading to the formation of transport resonances due to
cal calculation of the energy spectrum of a (AlAS)  tynneling from the contact region is the increase of the rela-
(GaAs), superlattice by the effective-mass method. Thegye role of these resonances with decreasing photon energy.
computational details are described in Ref. 10. The eleCtrOThdeed, on account of the exponential decay of the probabil-
ity of indirect transitions to Wannier—Stark levels with in-
creasing numben, the intensity of optical transitions in the

8
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06f bulk of the superlattice decreases rapidly with decreasing
photon energy in the regidhw<#f wg. At the same time, on

i account of photoelectron generation in the contact region,

| transport resonances are observed clearly in the curves

04 [ Jpe(U) right up to photon energidsw~ES$**°=1.52 eV —

the band gap in GaAs. According to Fig. 5, as the photon
! energy decreases furthérw< EgGaAS, the resonance peaks
02t gradually vanish because the number of photoelectrons gen-
erated in the contact region decreases. Surprisingly, a trans-
L port resonance with numbdr=4, which is separated by a
deep minimum from the less pronounced resonamhceg
i . .
0 : 2‘ : 3 and k=3, is most pronounced in the curvég,(U). The
k reason for such nonmonotonic behavior of the width and
. _ _ amplitude of resonances as a function of the numbés
FIG. 6. (B4~ Uy , the reciprocal of the total voltage drop in the super- \\hojaar |t could be that the broadening of the transport reso-
lattice, versus the numbérof the tunneling resonance. The measurements . . . .
were performed on three different mesa structures of (AlAs),/  Nnances with low numbers is determined by the wings of the
(GaAs);;] X 50 superlatticell, — reverse bias for which a photocurrent Optical resonances. In addition, it is evident from Fig. 5 that
peak corresponding to tunneling of electrons throkdtarriers is observed. another, wider maximum, whose nature has not yet been
The strqlght lines are least-squares flts_of the experimental pomts. The d'féstablished accurately, appears between the transport reso-
ference in the slopes of the curves for different mesa structures is due to the o _ . .
monotonic variation of the superlattice period over the area of the epitaxial@Ncesk= 2 an_dk— 3. The W'd? maximum could .b(.:" due to
structure®® electron tunneling through an interfacial state arising on the

E,ely) " yev™”
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oL Oh in the curves),(U) presented in Ref. 5 because of the pres-
ence of additionak~100 nm thick AlGaAs blocking barri-
ers, which prevented tunneling of photoexcited charge carri-
> ers from the contact regions into the superlattice. This fact
2,x3 also agrees with the proposed explanation of the transport
resonances.

In summary, under the conditions of Wannier—Stark lo-
calization, the transport resonances in the curves of the pho-
tocurrent of short-period AlAs/GaAs superlattices as a func-
tion of the external electric field are due to tunneling of
photoelectrons from thg-GaAs contact region into the
ground size-quantization level] of electrons in GaAs wells
adjoining the contact.

In conclusion, we note that the observation of transport
resonances makes it possible to determine independently the

-1 position of the electron ground stai . Together with the
"0 1% : 78 : 27 experimental energies of the interband vertical optical tran-
Photon energy, eV sitions, this makes it possible to determine separately the
energies of electron, heavy-hole, and light-hole levels and
FIG. 7. gr\:v?ttf?f/tgr:izts fgfggz é’i;giez'\//*)s_)lz’ (Goa/;sml><73g Sugesr'imce therefore to determine more accurately the parameters of the
T.g'.aﬁ%f arrow shows the band gap iﬁ GaAs. T,he rerﬁa{ning nbtialtion is thgnergy. spectrum of Short'per.‘Od superlattices. .
same as in Fig. 2. This work was supported in part by the Russian Fund for
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Structures and thermoelectric convection in cholesteric liquid crystals
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The possibilities for excitation of electromagnetic field structures and convection cells, i.e.,
temperature and velocity structures, in a thermotropic cholesteric liquid crystal in the presence of
flow are studied. Estimates are made and possible experiments for observing such structures

are discussed. A special thermoelectric effect is investigated as the cause of these excitations — the
influence of a heating-induced change in the pitch of the cholesteric helix of the molecules

on the permittivity and the electric conductivity of the material. 1®99 American Institute of
Physics[S1063-783#9)03401-3

In thermotropic cholesteric liquid crystalsholesterics, 1. EFFECT OF ELECTROPHORETIC FORCES.
or CLCs9, in many cases the formatigexcitation of struc- FORMULATION OF THE PROBLEM
tures different from those arising in nematic substances can . .
form (be excited.! The structures which arise resemble the The eX|st_ence of a tempera_\tu_re dependen(_:e of the recip-
convection cells produced by the thermoelectric effect wherﬁOCaI of the pitchy(T) of the_ h?"x ina cho_lestenc leads to a
a thin layer(thicknessh<0.1 mm) of a liquid semiconductor ©'¢® EiE«Vs;c . The electric field; consists of a thermo-
is heated, whereas in a number of cases thermotropic cho—eIeCtrIC field VVTO.(V._ thermoelectric powgrand a field
lesterics exhibit high thermoelectric power, thereby exhibit—due to small dev!at|9n£1= ~Ve. We shalllconstruc.t a
ing the properties of liquid semiconductdrs. theory of the excitation of structurggonvection by this
These differences are due to the existence of a vectofPrce' . . .
associated with the direction of the axis of the CLC mol- Let us consider a cholesteric layer with axes of the mo-

ecules. The magnitude of this vectorry is determined by I?r(r:]ular helice;]s X at);B) palralle: to th:. su?‘ace ]?T[hthed_layer.
the reciprocal of the pitclg of the helix, which depends (The case where the molecular axegrection of the direc-

strongly on the temperatufe.* Even for “small” heatings Lor)taretpgrper};juiul_?;to the surfacte O]]: :L‘e Iayegﬁ!s)_tcatn
A=|VT|, such thathA/T<1, on account of a “large” °¢ lreatedsimi arly.The components of the permittivity ten-

change in the pitcth|Vq|/1>1 it is possible that sor in the plane of the layer can be written
gik= &0kt (€a)iks (2

hA . .
;102?;1_ (1)  where the components of the anisotropic part of the tensor

are

ding| hA
dinT| T

A large change in the pitch of the helix on heating re-  (€a)ix=0; (£a)zy=0.5e sinN(2gx);
sults in a strong temperature dependence of the characteris-
tics of a CLC(fgr exarr)nple, the pgrmittivit)eik, conductiv- (8a)22= ~(2a)yy=0.8' CO420X). )
ity o, viscosity vy, thermal diffusivity »;,, and others The quantityl" characterizes the degree of anisotropy. We
The temperature dependence of the anisotropic parts afote that the tensors of other characteristics of the cholesteric
the electric characteristics of the medium,(and o,) is  can be written identicallysubstituting the letters, v, andx
observed as a new thermoelectric effect arising in the predor ¢).
ence of current flow. The influence of this effect on the The possibilities of excitation can be understood quali-
conditions of excitation of instabilities in the presence of atatively by comparing the electrophoretic force with dissipa-
flow (heat and chargewill be examined below. The exis- tion. This can be done similarly to the manner in which the
tence of anisotropic parts of the dissipative quantities ( buoyancy force is equated to the dissipati@ee, for ex-
and x,) affects the possibility of rotations of the director ample, Ref. ¥ so that their ratio provides a criterion for
and gives effects which are characteristic of all media, transexcitation of convection — the Rayleigh numb&r How-
mitting not only hydrostatic compression but also twist. ever, in the present case such a comparison will not give an
It is more convenient to construct a quantitative theoryexcitation criterion. The problem is that the new force is a
of this phenomenon for thermotropic nematic liquid crystalsrapidly oscillating quantity; it varies strongly over short dis-
(see, for example, Ref.)6The dissipation anisotropy is ne- tancesq !, comparable in magnitude to the size of a cho-
glected in what follows. lesteric molecule. The macroscopic excitation effect is there-

1063-7834/99/41(1)/5/$15.00 148 © 1999 American Institute of Physics
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fore determined only after averaging, which contributes &7) we obtaing;, = ¢ &+ eI'n;n,, which agrees completely
large factor to the excitation condition. This factor can bewith the expansions that are ordinarily usexke, for ex-
written in different ways, for exampl@én order of decreasing ample, Ref. 4

magnitude The system of equations of electrohydrodynamics of
CLCs consists of the standard continuity equatdorv=0
A dg Ahdg ,dq and the heat transfer equatioff {t — xA)T,= ¥ v ,A as well
@ dT’ q dT’ aT @ as the equation expressing electrical neutrality
d(eikEy)/dx;=0 (8)

and cannot be “picked up” in a qualitative analysis. It turns
out that the excitation criterion for thermoelectric convectionand the equation of motiorg(is the acceleration of gravity
can be written as

J
£y2hSA% 2 A2p3 p(E—vA)v—nger:—O.SEiEszik, 9)

=
prxg q which, in order to find the excitation criteria, must be linear-

where€ is a dimensionless parameter, a number characterizzed with respect to small deviations of the density=p

ing excitation in an isotropic medium(in a liquid —po, Pressurep;=p—py, and the characteristics of the
semiconductd). One can see from this relation that the €lectric field. These equations take account of the fact that
product of the last two expressions in E¢$. appears in the the medium is at rest at equilibrium. After linearizing, the
criterion, while the large factor itself has not appeared. Wevariables must be eliminated in the standard manner, ex-
note that the factodg/dT appeared squared in the number pressing them in terms of the potential

&, i.e. the influence of the temperature dependence of the The nonlinear equation obtained in the standard manner
pitch of the helix on the excitation of structures is indepen-must be averaged. Indeed, we are interested in the excitation

dent of whether or not this quantity increases or decrease®f structures and convections on the sdateq ™. For this

dqg
aT 5

dq\?
ﬁ ll

with rising temperature. reason, averaging must be performed over the sgatei.e.,
Let us now formulate the problem. We shall assume that q (2

at equilibrium the cholesteric is electrically neutral, i.e. we  (f)= _— fdx (10

neglect the charge fluctuations arising in a thermoelectric 2mJo

field. The effect of small deviations arising in a thermoelec-
tric field from electrical neutrality would lead to effects simi-
lar to those investigated for liquid semiconductbiEhis ef-

must be calculated for all parts of the equation obtained after

elimination of the variables. In this procedure, the small de-

) - 5 viations (i.e., ¢) and their derivatives are replaced by aver-

IECt lganlb_e rt]aken rt%a_cc?#ntf_by |SUbSt'|ttUtng§+5.k for age values. The conditiomh>1, separating the scales,
€ Rayleigh numberc In the final resulls. ‘The SIgns areé . o jt possible to replace the convolutigirgegrals of

determined by the direction of the heating. The upper sig _— "
corresponds to heating from below and the lower sign correq?mducts by derivatives of average quantitiesonstants on

. ) the microscaleq™!). Averaging yields an equation with a
sponds to heqtmg from above; thg Sq“‘f"red wave nuiber constant coefficient, in which terms which are not small with
will be determined below. In addition, since the pitch of the

helix | read hasized. st Nt ¢ respect to the parametgeh must be retained. The solution of
€lix 15, as aready emphasized, Swongly temperatur€y, equation will be a superposition of the solutions propor-
dependent, small deviations of the pitch of the helix on ac-

. tional to
count of other factors will be neglected. Then we can set

dgq dq exp —iw ! +ikxf+isz ,
9=0o*ZAgT + g7 1! 6) h2v h o Fh
ie. we assume thah=|dT,/d where they dependence of fluctuating quantities is neglected
allo.ng the layer 0 for simplicity. The wave numbek?=kZ+k2 (in our case

212 012y ; ; ; At
These approximations make it possible to neglect th§ kT +k3) is determined by the dimensionless projections,

effect of a change in the pitch of the helix on the director an he projection along the IayEkX.ZZWh/)‘ (A is Fhe size of
the structure along the layebeing a real quantity by virtue

to assume that for the anisotropic liquid under study the . L
. of the translational symmetry characteristic of the geometry
components of the director are R N .
of a layer that is infinite in this directiork, is, generally
n,=cogqx), n,=0, n,=sin(gx). (7)  speaking, a complex quantity, which must be determined by
solving a boundary-value problem. It is assumed below that
In this approximation, the director equation need not be in¥k, is real. This is sufficient to obtain qualitative results. The
cluded in the system of equatiofia the geometry where the reality of k, must be assured by substituting the correspond-
axes of the helices are oriented in the direction of heatinging boundary conditions. These conditions are of the “free
this would be necessaryThis form of the director corre- isothermal boundaries” typelf the equation contains only
sponds to the form chosen abojsee Eqgs(2) and(3)] for even z derivatives, therk,= . Finally, the frequencyw
the coordinate dependences of the electrical characteristics efw’ +iw” is, as always, determined by the conditions lead-
the medium. In accordance with Eq®) and(3), using Eq. ing to the appearance of an instability.

(11)

, and there is no heating
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Omitting complicated calculations, we immediately that with layer thicknesh=0.1 cm the frequencyw=1

present the excitation condition —10 Hz depends very strongly-h~'% on the layer thick-
_ o, PP ness. For this reason, for thicknesses of the liquid layer
[(lo—k)(i0P—k9)k*F Rk, ]k h>0.1 cm growth is actually aperiodic.

The frequency does not become “catastrophically” high
_ (120  with decreasing layer thickness, i.e. just as in liquid semicon-

- g dq
=& | —ikskt+2Ahkk, —| In—=
ductors the excitation mechanism chanf@he frequency

27| N aT

This equation is written in a dimensionless form, and it con-Cf the oscillations becomes

ta[]s together with the numbeRs and&, the Prandtl number , o [dIng 2 pxv  xm® v

P=vlx. w=47Tthd| T Ta7rZ v 0 12"
We emphasize once again that the terms standing on the n ey"Ah® VT x h

right-hand side in this equation are due to the special thelggtimates with the same parameters of the medium as above
moelectric effect which is characteristic for thermotropic give w=10— 100 Hz withh=0.01 cm, and the dependence

cholesterics and arises because of the temperature depej}; the layer thickness is wedkversely proportional

dence of the pitch of the helix of a cholesteric. This effectis |t is also easy to find the change in the excitation condi-
comparable to ordinary Rayleigh convection, while otherigns. We obtain

mechanisms of excitation and the forces influencing them are
assumed to be included in the Rayleigh numBRecharac-
terizing this convection.

(15

2
+R+ €k2=k—2 (K*—w?P). (16)
kJ_
The standard conditioffound in Ref. 2 is obtained from
Eq. (16) by settingw=0.
In thick layers §>0.1 cm) an instability is possible
only in the case of heating from belowpper sign in Eq.
Separating the real and imaginary parts in Bxp) we  (16)), and substituting the frequencg3) into Eg. (16) we
find that the instability ”=0) arises under Rayleigtpos-  find the excitation condition in the form
sibly, altered conditions, not aperiodically ' =0), but 6 K
rather oscillating with frequencgin a dimensionless forin k_lZO ., (17)

2. ANALYSIS OF THE EFFECT OF ELECTROPHORETIC
FORCES ON THE EXCITATION OF INSTABILITY

— =R+
2 kf

ksk . . . .

0= —2% . (13) WwhereZ;=E.PI(1+P) is also a dimensionless quantity.
KS(1+P) It is of interest to examine a case where the new effect

dominates. Minimizing with respect tw=k?/k?, we find

Therefore, in contrast to thermoelectric convection arising in, . o instability occurs fow=1/7 (instead of the usual
liquid semiconductofsthe effect due to the temperature de-

e L . -~ stituting k,= 7 andk,= 7//17 we find that in this case mo-
Aperiodic growth, characteristic under ordinary cond|t|onsti0n arises forZ,> 160 with heatingA=1C? K/cm, which is

(mcludmg IS.OII’OpIC I|qU|gI sem|condyctor3|s mganmgles; not small. It is found thah~h~%4 and noth™* as in the
in cholesterics. Growth in cholesterics occurs in an oscillas

o " . Rayleigh problem. Now, comparing the terms on the right-
tpry manner. The ex70|tat|on cond|t_|0ns for Ra_\ylelgh CONVECand side in the excitation conditigid7), we find that the
tion are well known: Cellular motion can arise only with

. 2012 new effect predominates over the Rayleigh effect only in
heating from below and; /k;=1/2, sufficiently thin layersh<10"2 cm. But in such layers the
R=27m%4. main excitation mechanism is not buoyancy but rather a ther-

moelectric lift mechanism. The excitation condition for it is
Using these conditions and the values of the parameters @lso the conditiori17) but with £k? substituted fofR. Using
the liquid (x=v=10"5 m?/s) and the values of the charac- the relationZ,= &*h?/h? we obtain
teristics of the medium which are usually used for liquid 1 6+2T2T2 q1
semiconductors,i.e. at room temperaturé= 300 K and for h.== ltd v na
values characteristic for CLEs— BT=0.1 (8 — thermal a pvx vix\dinT
expansion coefficiet q~'=10""m, ding/dinT=10"  the critical thickness of a cholesterin layer that separates the
(possibly even 1Y), andI'=0.1 — we find from the equa- gcales. Estimates show thé,=0.01 cm. The standard
tion for the frequency of oscillatory growtfin a dimension-  mechanisms of excitation of cellular motigmcluding the

k,=m,

2
: (18)

less form thermoelectric mechanism, for which the range of thick-
4 ) 4 ) nesses is, however, quite narropredominate forh>h..

w= 2 27m z(d Inq) qh ﬂ) i For h<h, a new excitation mechanism should dominate in

h? 42 \dInT) (gah)2\gh3/ pBh%(x+v) the CLC. The main force driving this mechanism is the elec-

(14 trophoretic force.
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The mutual effects of Rayleigh and electrophoretic orconductivity in the presence of an external current results in
thermoelectric and electrophoretic mechanisms on each othehanges in the electric and magnetic fields. If the energy
can be studied by eliminating, from Eq.(17). This can be stored in the field increases in the process by a larger amount
done in the same manner in which the influence of Rayleighhan the work performed to overcome dissipation, then struc-
and thermoelectric mechanisms on one another in liquidure formation is possible.
semiconductors was studied in Ref. 2. However, it is point-  The excitation problem is formally very similar to the
less to do this because there are no experimental data. For theoblem discussed in Sec. 1. We obtain from Maxwell's
same reason, there is no need to solve boundary-value probguations and the equation of heat transfer a linearized sys-
lems in order to calculate the ranges of the parameters cotem with respect td@’; andH, (it is sufficient to take irH;
responding to the limits of the stability zones with more one component, along theaxis and then average over the
realistic boundary conditions than “free and isothermal” small scalgy™1). The excitation condition replacing E¢}.2)
conditions. will have the form

As is well known! boundary conditions cannot “in prin-

. . ; Ly y3T'h? 1 dq
ciple” suppress the qualitative possibility of an instability. It K2+ ——— Y (20)
can be concluded that in a real experiment field and velocity 20x qdT
structures should arise on heating in some region of paraMyhere y=pC,x is the thermal conductivity. From the exci-
eters in the CLC, especially in thin layers. tation conditionw” =0 it also follows thatw’ =0, i.e., insta-

bility arises aperiodically.
Proceeding now to an analysis of the condition obtained,
we note first that structures are possible only if the reciprocal
We shall now study the possibility of excitation of insta- of the pitch of the helixj decreases with increasing tempera-
bility by an electric current in CLGsee Ref. 5 for the gen- ture, i.e. dg/dT<0. Such cholesteric materials do eXist.
eral assumptionsWe note that a cholesteric is characterizedwhen current flows in such media, structuring of the electric
by the special temperature dependence of the conductivitynd magnetic field§possibly against the background formed

tensoro = o 5+ I'onin, on account of the temperature de- py the fields existing in the stationary statecurs and the
pendence of the pitch of the helix. Therefore everything saidtructures of temperature change form.

above concerning the form of the temperature dependence of = Structures with periodrepetition length A =h require a
the permittivity transfers to the temperature dependence ofyrrent
the conductivity. Of course, the analysis here refers to cases

3. EXCITATION OF STRUCTURES BY AN ELECTRIC
CURRENT

1/2
where the cholesteric exhibits quite strongly the properties of i>i 22_77 ( ox ) 21)
a conductor. Such substances do ekist. ¢ h \|[I/qdg/dT]|
Thus, let an electric current with densjty, produced by Using the conductivityo=10"% Sm/m (which corre-

external factors, flowX axis oriented along the axes of the sponds to 10s! in the Gaussian systom and
helix and along the layeg axis oriented across the layen =500 J(K-s) (see Ref. % as well as the parameters al-

the direction of they axis in a cholesteric. In accordance with ready used above for cholesteric liquid crystals, we find that

Ohm's law and Maxwell's equations, this means that electricrctures with =1 cm can be obtained by passing a current
E and magnetit fields are present in such a medium, a”de:ZOO Alent.

o Ex=VXH andV XE=— udH/dt (u — absolute mag-
netic permeability. The properties of the CLC are mani-
fested in the conductivity tenser;, , whose components are
determined exactly by the Eq®) and(3) with o substituted

4. FORMATION OF STRUCTURES IN CLCS IN AN
EXTERNAL ELECTRIC FIELD

for e. When a current flows, Joule hegE; is released. This Ordinarily, an external field&, does not lead to steady-
alters the equation of heat transfer, which must now be writstate structures, i.e., it does not lead to a spatially periodic
ten in the form distribution of the deviation of ; from the average tempera-
P j-E ture T,.2 This is explained by the fact that the Joule heating
(E— %A)T= = (19)  time of the mediunt=pC,5T/(oEJ), wheredT is the tem-
Pp perature difference between the points studied, should be

Here C,, is the specific heat of the cholesteric. Convec-shorter than the buildup time of such structufefter they
tive heat transfer, which under the conditions of the problemappeay, i.e., shorter tharw 1. Instabilities with aperiodic
at hand is weak, is neglected in this equation. Of course, thgrowth, for example, such as that studied in Sec. 3, formally
thermal diffusivity in the CLC is a tensor quantity of the always satisfy this condition. The instability studied in Secs.
same form asr;,, but here we neglect the dependencecof 1-2, however, build up in an oscillatory manner, and for
on the pitch of the helix in order to distinguish the effect them the satisfaction of the condition< ! is not obvious.
under study. More accuratand more complicatgctalcula-  For this reason, we shall examine the effect of the tempera-
tions show that this approximation is justified. ture dependence of the pitch of the helix on the state of the
The qualitative picture of the appearance of instabilitiesCLC taking account the dielectriche tensore;) and con-
is as follows. A fluctuation change in temperature and a corductivity (the tensoro;) properties. Such a model corre-
responding change in the pitch of the helix result in a smalkponds better to real cholesterics, which are, as a rule, liquid
change in the conductivity. The fluctuation change of thesemiconductors.
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Thus, let us consider a CLC in an external electric field
Eo. It is obvoius qualitatively that the main reason for the Crnl( Ky +2) + 2;& ChIBmn=0, (23
appearance of temperature fluctuations under isothermal mn
equilibrium conditions, just as Sec. 3, is a change in the pitchhereB,~ (k= k) ~* are decreasing numbers of order 1.
of the helix. When the dimensions change, the conditions of ~ Therefore we obtain that in an external field structures
motion of such a molecule change so that a change in tenfire excited if

peratureT,;=q,(dg/dT) ! appears. As mentioned above re- ( dinT

ding

2
peatedly, the same change in the pitch also renders the tensor E;>E.=| B xTq
characteristics anisotropic. The coordinate dependence in the a|l]
anisotropic part, which gives the coefficient in the directionwhereB is simply one of the numbef3,,,,,. Now, it is easy
perpendicular to the direction of the helices, is the same foto estimate from the heat transfer equation

all tensorgsee Eq(3)), but the degree of anisotrogy, ,I";, 5

andI,, is different(the indices correspond to the coefficient 0= —1:‘TE0
whose anisotropy is given by the corresponding quantity X

The anisotropic part of the permittivity tensor deter-
mines the possible small deviations of the electric figld
=—V¢. Now, A¢ can be found from Eq(8) and then,
using the heat transfer E¢L9), the anisotropy can be taken
into account as done in Sec. 3.

It is found that if the external fieldE, is directed per-
pendicular to a layefalong thez axis), then such a field does
not influence the heat flux. However, B, is directed along
a layer(along they axis, like the currenj, in Sec. 3, then

112
) , (24)

dinoe dlne (k-Ep)?
dinT dInT szé

— xk?. (25)

Using the field determined by the relatiq24), the
dominant term in this formula will be the term containing
dino/dInT.

We note that the conditioiky>E. (Eq. (24)) is com-
pletely compatible with the well-knowfncondition that the
pitch of the helix be independent of the electric field, which
can be written aE,<qh(G/(¢|T',|))Y? whereG is the
twist modulus of the liquid crystal. Both conditions are com-

the heat flux depends only on the conductivity and does no?at'ble if
depend on the permittivityg;, which confirms the model oGag?h*|dInq
adopted above in the analysis of the excitation of instability YeT |dInT >1. (26)

by current flow. In this case, performing the same calcula-_ . ) _
tions as in Secs. 1 or 3, we find that the dimensionless nunfEStimates with the parameters of the medium used above

ber determining the excitation condition is (_typical vz_aluerlO6 Pa) show t_hat aII_ conditions are satis-
fied for field structures with dimensions=h=1cm for
O'Eor(r dq E0> 10‘5 V/m
- 4xq® a1’ (22 | thank I. V. loffe for fruitful discussions.
corresponding to the dimensionless number from the condi—lE |, Kats and V. V. LebedeDynamics of Liquid CrystaliNauka, Mos-
tion (20) with h replaced byq 2. cow (1988, ’

To obtain a strict solution, the solution for the averaged 2. D. Edelman, zh. Ksp. Teor. Fiz.103 1633 (1993 [J. Exp. Theor.
nonlinear equations must be sought in the form of a FouriersF’hyS-76|, 802(1%93]- g (1980

; ; _ ; ; ; M. Kastler, Liquid SemiconductordMir, Moscow (1980.
Series Wlthkm mﬂ-/(Lq)’ V.VhereL IS. the pItCh of the_hellx 4W. de Jeu,The Physical Properties of Liquid-Crystal Substancefr,
of the molecules, determlne_zd earlier by the _condl_tloql Moscow (1982. )
=, andm=1, 2, 3, ... are integers. Substituting this solu- 5L. E. Gurevich and I. V. loffe, Zh. Esp. Teor. Fiz61, 1133(197) [Sov.
tion into the corresponding equation, multiplying by Phys. JETF34, 1151(1972].

. . . . s E. D. Eiddel'man, Fiz. Tverd. TeldSt. Petersbung37, 162 (1995 [Phys.
sin(k,z0) (or cosk,zg) and integrating, we obtain an infinite Solid State37, 86 (1995].

system of equations for the coefficients, (or by,). Forn 7S. Chandrasekhatydrodynamic and Hydromagnetic Stabilityniver-
=m we obtain the excitation condition. The corresponding sity Press, Oxford1961).

equation of Sec. 3 becomés- k2=0. identical to the exci- 8M. K. Bologa and A. B. BerkovElectroconvective Heat Transfer in Dis-
tation condition(20) ' persed SystemShtiinitsa, Kishine1989.

For n#m we obtain the equation Translated by M. E. Alferieff
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A study has been made of the glass-forming ability, structure, and superconducting properties of
Bi, 2Sn ¢Cay 0sCUy 14-1,0y and B ,Sn ¢Cay 0sCU, 15 4LixOy (x=0;0.3;0.5;0.7). The

compounds were melted by rf @t=1300- 1500 °C. Rapid quenching produces glassy alloys
whose glass-forming ability is the highest when lithium is substituted for copper. Glass

annealing at 700—800 °C results in the formation of the HTSC phase 2212 with a critical
temperature of up to 91 K. In lithium-doped samples the HTSC phase forms at lower temperatures
and shorter anneals and it depends on the cooling rate following the anneal. The composition
and properties of the 2212 phase depend nonmonotonically on the anneal time. The

lattice paramete€ of the 2212 phase increases with increasing lithium content1989

American Institute of Physic§S1063-783%9)00401-3

1 Supgrconductivity in_ t_he Bi—Sr—Ca-Cu-O0 system issamples, for CygLig, the optimumT,,=740°C, and for
observed in the compositions Ai,CuQ, (phase 2201, Cuy Ligg, Tan=710-720°C it can be added that single-
Tc=10-20 K), Bi,Sp,CaCyO, (phase 2212, T.=80 phase samples of the latter composition form in as short an
-90 K), and BQSI’ZCaZCL{;OX (phase 2223, TC:lOO anneal time as 12 :h
—110 K). Obtaining the 2223 phase with the highest critical  There is experimental evidence that lithium doped into
temperature requires a complex and long annealing procgne 2212 phase substitutes for copper in the lattice. A study
dure and is very sensitive to even small deviations from stoy,55 made of samples of two types, with lithium added to the
ichiometry and preparation conditions. The 2212 phase i§gjichiometric 2212 composition and with lithium substitut-
less sensitive to deviations from stoichiometry and does n%g for a part of strontum or copper in the starting

requjre_long anneals,. _but its. criticall temperature is close t%ompositiorﬁ It was found that single-phase samples form
the liquid-nitrogen boiling point, which may become an Ob'only under partial substitution of copper. In all other cases,

stacle to the use of this phase in applications. Therefore rai%’xcept for the 2212, other copper-containing phases ap-
ing the T of this phase by a few degrees Kelvin by appro- eared, which argues for lithium occupying copper sites in

priate doping appears desirable. Alkali metals are promisin§1 ; : : i
candidates for cation substitution in the 2212 phase, becausee lattice. Atthe same time there are reports of single-phase

the ionic radii in the Li—Cs series range from 0.73 to 1.81 A’2?rg]rﬂliifnfgipr)r?éegut%rspagiﬁ:ec?uobust“;t:l%nggsgtglfuge fl?;c—
and those of the cations in the 2212 phase(arél): Bi — ' P

0 tice constantC with increasing lithium concentratictf:’
1.17, Sr — 1.4, Ca — 1.26, and Cu — 0.87. Dopin th alkali”™ . . . . . L
u ping wi while other studie®? did not find this correlation. Grains in

metals should change also the carrier concentration, becau%{:_ ) )
their valence state is 1 ithium-doped BjSr,CaCyO ceramics were reported to be
' larger in size’

2. A number of studies dealt with the effect of alkali- X . . ) ) o )
Doping with alkali metals, primarily with lithium, in-

metal incorporation on the structure and superconducting "
properties of the 2212 phase. It was found that doping wittFr€ases the critical temperaturg) of the 2212 phase com-

alkali metals lowers the melting point and the formation tem-Pared to undoped samples. The highest critical temperature
perature of the 2212 phase, the effect being the strongest Rf this phase(91-92 K is reached at an optimum carrier
the case of lithium incorporation. The temperature of com-concentration. Undoped 2212 samples prepared by standard
plete melting for undoped stoichiometric materials is 905 °C technology turn out usually to be overdoped, and in order to
and it decreases as part of the strontium in the starting coni€ach the highest critical temperature, the samples have to be
position is replaced by lithium, namely, to 864°C for annealed additionally in an inert atmosphere, which reduces
Shyalio, and to 737 °C for Sysdigas, and when lithium  the carrier concentration. Lithium doping results apparently
substitutes for copper, it comes down to 860 °C fog il ,  iN close to optimal carrier concentration and, accordingly, in
and to 745°C for Cysdigss.t Direct observation of a higher T.. For instance, in a study of startingindoped

Cu, oLig g single-crystal sample yielded 720 and 870 °C forsamples withl . (R=0)=91 K theT. (R=0) was increased

its temperatures of partial and complete melting, respecto 92—94 K by simultaneously substituting lead for part of
tively.? The anneal temperature most favorable for the forthe bismuth and alkali-metal dopifiIn another study,by
mation of the 2212 phase is 820-840°C for undopedeplacing copper in standard undoped 2212 ceramic with

1063-7834/99/41(1)/3/$15.00 15 © 1999 American Institute of Physics
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T.(R=0)=76 K by lithium (Cu:Li=1.45:0.7, or 0.B one
succeeded in obtaining a single-phase 2212 sample With
=91 K. It was found that an increase in the content of 4+
lithium being substituted for strontium resulted in an in-
crease of the critical temperatufg (R=0) from 69 K for an R
undoped sample to 94 K fax=0.6 in Sp_,Li,.°> Single
crystals of the 2212 phase with the copper partially replaced
by lithium had a transition temperature of 93 K for Glig »
and 92 K for Cyglios.'t A study of the 2212Li single
crystals yieldedT.(R=0)=89 K for 1.4%Li, 92 K for -
3%Li, and 93 K for 13%Li*2 Thus despite some discrepancy
in measurements one may conclude that incorporation of
lithium or substitution of lithium for cations in the 2212
phase results in a rise of the critical temperature.

3. The B, 2Sn 6Cay 0sCUp 14-1,0y and i *
Bi, 551 §Cay 0sCWy 15 LixOy (x=0;0.3;0.5;0.7) compounds
studied in this work were prepared by annealing their amor- -
phous parents. Annealing from the amorphous phase has cer- /
tain advantages, namely, the metallic components are distrib- | X X
uted uniformly throughout the sample and the phase /
formation reactions proceed faster so that this method does
not require such prolonged anneals as in solid-state synthe- 0.2 0.4 0.6 0.8
sis. The melts were produced by cold-crucible rf melfifidf* ) Tz )
OSCh-grade BiO;, CuO, SrCQ, CaCQ, and L,LCO, _ " o
were used as starting compounds. The 1300-1500°C FIG. 1. Thlcknessi of prepared g'Iasses I|th|um concentratiorx in the

. . . alloys.1 — Bi,;Sn §Ca osCl 15 4LixOy, 2 — Bi; ;Sh §Ca ofCl, 141140, -

melts were poured into massive wedge-, cone-, or disk-
shaped molds, which resulted in different sample cooling
rates. The glassy state was identified from the characteristiémperature dependence, and a lower critical temperature,
pitted fracture surface, the absence of any lines in diffractiorwhereas those quenched rapidly by taking them out of the
patterns, the presence of characteristic temperatsoden-  furnace and letting them cool in air are characterized by
ing, crystallization in DSC curves, and from the electrical lower resistivity, metallic conduction, and higher critical
resistivity of the samples. The glass-forming ability of the temperatures.
melts was estimated from the thickness of homogeneous The content and properties of the 2212 superconducting
glass(which did not contain crystalline inclusions phase depend nonmonotonically on the anneal time, which is

The curves in Fig. 1 relating the thickness of the glasses
obtained to composition permit a conclusion that the best
glass-forming ability is observed in alloys where lithium was
substituted for copper. The glass thickness increases with - r

d,mm

S

lithium concentration. For instance, glass samples up to 4
mm thick were obtained for the= 0.7 composition, which is
substantially in excess of the available data for bismuth- 5
containing HTSC systems, including the systemith BaO
substituted for CaO. The glasses thus prepared were an-
nealed at 700—800 °C. The change in sample weight due to g
oxygen being absorbed in the course of annealing is the *
larger, the higher is the lithium content and the longer is the %" a0
anneal time. N

A study was made of the temperature dependence of the o
resistivity of annealed samples by the standard four-probe -
method. The contacts were attached to samples with a paste
based on finely dispersed silver. The superconducting phase
in lithium-doped samples forms after a comparatively short 100 -
anneal in a process depending on the rate of the subsequent

T
N

cooling. The superconducting properties of the samples thus i ﬁ o1
obtained likewise depend strongly on the rate of cooling after 0 1 Y 0 ; 1
the anneal. This is seen from Fig. 2 for samples annealed at 70 200 00

T=700°C for seven h, but with different cooling rates, T>K

name_ly, th? Samp|e$ 909|ed SIO\.le to@let_her with the furn?-C@IG. 2. Temperature dependence of the resistivity of samples annealed at
exhibit a higher resistivity, semiconducting character of its700 °C for seven h. Coolingt — slow, 2 — fast.
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critical temperature and a growth of normal resistivity. This
is exactly what is observed experimentalBig. 2). Similar

to Ref. 4, our samples exhibit an increase of the lattice con-
stantC with lithium content. TheC parameter of the 2212
phase in a C,d.iy  sample withT,=87.5 K is 30.83 A, for
Cu, Ligzwith T,=86 K it is 30.77 A, and for a sample with
T.=82Kitis 30.7 A.

(iii) The decrease of the critical temperature observed to
occur for long anneal time§-ig. 3) could be due to sample
oversaturation by oxygen and a deviation of the carrier con-
centration from the optimum value, but one would have seen
oL then a growth of resistivity with decreasing temperature

which would depend only weakly on the cooling rate. The
samples studied by us, even those prepared under long an-
nealing, followed a metallic behavior of resistivity with tem-
perature(under rapid cooling from the anneal temperature
The chosen anneal temperatig,= 700 °C was apparently
below the optimum favoring the formation of the 2212 phase
in the presence of lithiumT,,,=710-720°C, Ref. 3. It
! . may be conjectured that at this anneal temperature formation
6 8 of other crystalline phasdsi—Ca—Bi, CySrO;) is thermo-
Eanns o dynamically preferable, and that this process occurs partially
FIG. 3. Critical temperature of the 2212 phase in samples with lithium & the expense of destruction of the 2212 phase as well.
contentx=0.7 vsanneal time at 700 °C. Support of the Russian Fund for Fundamental Research
(Grant 96-02-17848and of the Ministry of General and Pro-
fessional Educatiofi‘Fundamental Research in Power Pro-

shown in Fig. 3 for the critical temperatufie.. X-ray dif- duction and Electrical Engineeringy’is gratefully acknowl-
fraction showed the quenched samples to be completel§dged.
amorphous, without any crystalline inclusions. After five h
of annealing, the samples contain several crystalline phases,
viz. 50% 2212 phase, up to 10% 2201 phase, and up to 40%
nonsuperconducting phases, in particular, CuO, SrCGidd
an unidentified Li-Ca—Bi phase. Increasing the anneal dura—iJH- S;:g\?erk?nsd iaa;bzgysglcag\?v ;h6§;19|§3énami T Shinohara. and
fuon to 6—6.5 h improves the quality of the_ 221_2 phase, an_d T imura. J. C’:ry.st. Growmz’l 53 (1992, n n :
its content rises to 60%. As the anneal time increases stilbt kawai, T. Horiuchi, K. Mitsui, K. Ogura, S. Takagi, and S. Kawai,
more, the content of the 2212 phase starts to decrease, an@hysica C161, 561 (1989.
the CySrO; phase appears. 4T. Horiuchi, T. Kawai, K. Mitsui, K. Ogura, and S. Kawai, Physicd €8,
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Utilization of the compound SnTe as a standard in tin-119 Mo  “ssbauer spectroscopy
D. Baltrunas*’

Institute of Physics, 2600 Vil'nyus, Lithuania
(Submitted May 18, 1998
Fiz. Tverd. Tela(St. Petersbungl, 22—23(January 1999

Experimental data from an investigation of the variation of isomeric shifts in the homogeneity
region of tin telluride show that this compound does not meet the requirements for
reference compounds. @999 American Institute of Physid$1063-783¥M9)00501-§

It is well known that M@sbauer isomeric shifts are usu- width varied somewhat as a function of the composition. The
ally given relative to some compoundor example, the experimental data on the isomeric shifts are presented in Fig.
source. Such reference compounds for isomeric shifts in tinl. One can see that the curve ®&fversus the concentration
were proposed in Ref. 1. Certain requirements for these coniFe contains a section where the isomeric shift decreases rec-
pounds are also listed there. One of the most important ilinearly; this section coincides with the region homogene-
that the reference compound should be easy to prepare ity. The figure explains the reason for the variance in the
pure form and it should exist as a single phase under thexperimental isomeric shifts observed in published works.
experimental conditions. Moreover, the compound shouldrhe reasons for the variations éfare explained in Ref. 6.
not show any unresolved hyperfine interactions. Tin tellurideThus, the experimental data on the isomeric shifts show that
is among the compounds listed. Although this compound igin telluride does not meet the requirements for reference
one of the tin compounds that has been investigated most lsompounds.

Mossbauer spectroscopy, the large variance in the experi- Tin telluride also does not meet another requirement —
mental isomeric shifts is surprising: from 3.35 mm/s unresolved hyperfine interactions can also appear in it. It is
(Ref. 2 up to 3.54 mm/s(Ref. 3 with an error A§  known that a ferroelectric phase transition can occur in this
—+0.03 mm/s. The reasons for such a varianc&ihave compound as a function of temperatdrk.has been inves-

not been discussed in the literature. tigated repeatedly by Misbauer spectroscopy, especially

Investigations of solid solutions based on tin tellufide near the temperature of liquid nitrogen, but the published
raised the possibility that the isomeric shifts depend on thélata are very contradictory. Some auth@se, for example,
stoichiometric composition. It is known that tin monotellu- Refs. 7 and Bobserved broadening of the Mdgbauer line at
ride is characterized by a substantial deviation from stoichithe temperature of liquid nitrogen, while others rejected
ometry (the maximum in the melting curves in the systemthis.3 Thus, there is no concensus concerning the presence of
Sn—Te corresponds to 50.4 at.%)Tand it has a wide @ quadrupole interactiofbroadening of the spectral linat
(50.1-50.8 at.% Te at 550 jQunilateral range of homo- liquid-nitrogen temperature. We have called attention to the
geneity® The influence of the deviation from stoichiometry fact that the phase transition temperature depends on the
has been investigated in several worlsee, for example, charge-carriethole) density>® According to these works, an
Ref. 3, but no changes were observed in thé S¥loauer increase in the hole density decreases the phase transition
spectra. One possible reason could be that the accuracy of
the measurements of isomeric shifts is inadequate.

The samples used in the investigations were prepared by -~
direct melting together of highly pure elements in evacuated
guartz ampuls using vibrational mixing. After holding at : 0o
1200 K, the samples were quenched in ice water and then " 0%,
annealed at 773 K for 300 h and quenched once again. The
compositions of the experimental samples in Sn—Te system
corresponded to a tellurium content of 49.9-51.5 at. %. The
samples were synthesized with a 0.05 at. % Te step. The °%
limits of the homogeneity range, according to microprobe 3.40F ° o
analysis, were 50.1-50.9 at. %. The $88bauer spectra were
measured at room temperature with a NP—255s8tauer = 50"0 . 507. ;5['7.8 — 5;.2
spectrometer. The compound CaSnégrved as the source. Te,at.%

The thickness of the samples was 0.5 mg/@ncording to !
the'%Sn isotope. All spectra consisted of single lines, WhoseFIG. 1. Isomeric shifis versus the Te content in the system Sn—Te.

&, mm/s
Oy
8
¥
o
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TABLE I. Line width W,,,for SnTe versus the charge-carrigple) density Mossbauer line at liquid-nitrogen temperature is approxi-
p and temperature of the sample. mately 0.1 mm/s. This shows unequivocally that the lattice
symmetry is lowered as a result of a ferroelectric phase tran-

Wexpv mm/s . . . .
73 sition and it shows the pesence of a quadrupole interaction.
p, cm 80 K 300 K In conclusion, | thank E. I. Rogacheva for providing the
2.5 107° 0.89+0.02 0.75-0.02 samples.
7.9x 107° 0.84+0.02 0.79-0.02

*)E-Mail: bdalius@kt!.mii.lt

1J. G. Stevens, Hyperfine InteradB, 221 (1983.
temperature. It can be inferred that the disagreement betweerY- V- Chekin, A. P. Vinnikov, and O. P. Balkashin, Fiz. Tverd. Tela
the published results is due to the difference in the charge (Leningrad 9, 2992(1967 [Sov. Phys. Solid Stat®, 2354(1967].
_p oo . g. 3V. A. Varnek, L. N. Mazalov, Yu. G. Sidorov, Yu. O. Kanter, and V. 1.
carrier density in the experimental samples. To check this mMashchanov, Izv. Akad. Nauk SSSR, Neorg. Matks, 931 (1980.

supposition, two tin telluride samples with hole densities ;‘D- Baltrunas, Phys. Status Solidi 204 811 (1997. . _
py=2.5% 1020 cm~2 andp2=7.9>< 102° cm~2 were investi- L. E. Shelimova, V. N. Tomashik, and V. |. GrytsiPhase Diagrams in

. . Semiconductor Materials Science: Systems Based on the Chalcogenides
gated. According to the data of Ref. 9, the first sample g; ge, sn, and PNauka, Moscow(1997), 368 pp.

should have a rhombohedral structure at liquid-nitrogen tem-s. Motiejinas, D. Balirnas, N. Géiauskaite, and K. Makarnas, Phys.
perature. Status Solidi B154, 341 (1989.

; ; ; B. I. Boltaks, S. I. BondarevskiP. P. Seregin, and V. T. Shipatov, Fiz.
. Itis known that the. effective thickness of th? absorber Tverd. Tela(Leningrad 11, 1839(1969 [Sov. Phys. Solid Statkl, 1483
increases with decreasing temperature, broadening the specq ggg.
tal line° To rule out this effect, the width of the line was 8sh. Sh. Bashkirov, I. A. Dobryakov, A. B. Liberman, and S. S. Tsaréyski
extrapolated to zero absorber thickness. For comparison, thekristallografiya30, 1016(1985 [Sov. Phys. CrystallogB0, 592(1985].

- . I. Slyn’ko, A. G. Khandozhko, S. D. Letyuchenko, and K. D. Tovstyuk,
room temperature spec'Fra were also measured. The resu“% Abstracts of Reports at the 11th All-Union Conference on the Physics of
obtam_e_d are pr_esenteql in Ta_lble . It should be noted_that thererroelectrics Kiev, 1986, Vol. 1, p. 263.
parasitic vibrations arising in the cryostat when nitrogen'v. F. Masterov, F. S. Nasredinov, S. A. Nemov, and P. P. Seregin, Fiz.
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One can see from Table | that the broadening of theTranslated by M. E. Alferieff
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Thermal conductivity of gallium sulfide
M. A. Alzhdanov, M. D. Nadzhafzade, and Z. Yu. Seidov*)

Institute of Physics, Azerlidzhan Academy of Sciences, 370143 Baku, Azxdzhan
(Submitted May 22, 1998
Fiz. Tverd. Tela(St. Petersbuigdl, 24—25(January 1999

The results of investigating of the thermal conducitivity of a GaS single crystal in directions
parallel and perpendicular to theaxis in the temperature interval 5-300 K are reported. The
investigations show that the degree of anisotropy of the thermal conductivity of GaS
decreases with temperature. 99 American Institute of Physids$1063-783#9)00601-3

The strong anisotropy of interatomic interactions inliquid-helium temperatures. At low temperatur@low the
lamellar crystals gives rise to a variety of specific propertiesmaximum in the region of boundary scatteririge tempera-
The phonon spectrum of strongly anisotropic materials hature dependence of in gallium sulfide satisfies the power
been repeatedly investigated theoretically, but there is no urlaw x, ~T>**%!andx | ~T%**%1 In the same temperature
equivocal interpretation of the experimental data. The sperange the temperature dependence of the heat capacity has
cific features of the phonon spectra of such crystals are redhe form given in Ref. 1 for GaS. Above the maximum the
flected in the behavior of the heat capacity, thermal expanthermal conductivity of GaS can be expressed s
sion, and thermal conductivity. ~T %" and x| ~T "' in a wide temperature interval 60—

In the present work we investigated the thermal conduc300 K.
tivity of a lamellar GasS crystal in the temperature interval ~ We note that the temperature variationsof is some-
5-300 K. In Ref. 1, where the specific heat of gallium mono-what different in different samples. This is probably due to
sulfide is studied at low temperature, it is shown that flexurathe difficulty of cutting out and orienting the samples in the
waves with a quadratic dispersion law play the main role in[001] direction. Thex | data were obtained by averaging
the behavior ofC,(T) at low temperatures. A quasiflexural measurements for two samples.
mode was later observed in the phonon spectrum of GaS by It is knowr? that in lamellar crystals, including Gas, the
neutron diffractior? Thus it is doubtless of scientific interest acoustic phonons can be treated approximately as if they
to study the influence of structural anisotropy on the thermabelong to three separate frequency branchesk,w;~Kk,
conductivity of this compound. and w.~k?2. The phonons belonging to theandt branches

The thermal conductivity was measured by the steadycorrespond to longitudinal and transverse in-plane atomic
state method.The temperature gradient was measured withdisplacements. The branch pertains to out-of-plane modes.
copper—constantan and Cu—€lse thermocouples. The
thermocouples were calibrated with respect to platinum and
germanium resistance thermometers. The thermocouples 103
were indium-soldered to the sample. Adiabatic screens,
whose temperature was regulated automatically, were used to dr
prevent any heat losses by lateral radiation. The error in the B
measurements of the thermal conductivity did not exceed
5%. Reference measurements of the thermal conductivity in
crystal quartz cut parallel to theaxis agree with published P
data. Single-crystal GaS samples were cut in the form of a 10" -
0.10-0.15 crhand 2—2.5 cm long parallelepiped.

Figure 1 shows the temperature dependences of the ther-
mal conductivity in directions perpendiculaz () and paral-
lel (x| ) to the principal axis of a hexagonal GasS crystal.
The thermal conductivity of GaS above 100 K has been stud-
ied in Ref. 4. Our room-temperature data agree satisfactorily
with the results obtained in Ref. 4. As one can see from the 1 - "
figure, the temperature dependenge$T) andx | (T) have
a maximum at 24 and 20 K, respectively. We note that the 5 ; \ 8, v
electronic part can be neglected, i.e. in the experimental tem- d 170 30 100 Joo
perature interval heat is transferred by phonons. At room T,K

temperature the degree of thermal CondUCtIVIty ar“SOtromlélG. 1. Temperature dependence of the thermal conductivity of gallium

reachesx, /x| ~9-.the degrge of anisotropy decreases withsfige parallel & 1) and perpendicularx, ) to thec axis. The arrow marks
temperature, and is approximately 3 at 20 K and.7 at  the Debye temperature.

z, W/m K
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The difference between(T) andC,(T) at low temperatures

Alzhdanov et al. 21

Fiz. Tverd. Tela(Leningrad 19(5), 1471(1977 [Sov. Phys. Solid State

(below 20 K for GasS is probably due to the difference in the 19 857(1977].

contributions ofc, I, andt phonons to the thermal conductiv-
ity and heat capacity.
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Heat conductivity and the Lorentz number of the Sm 1-,xGd, S “black” phase
A. V. Golubkov, L. S. Parfen’eva, I. A. Smirnov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

H. Misiorek, J. Mucha, and A. Jezowski

Institute for Low-Temperature and Structural Research, 53529 Wroctaw, Poland
(Submitted May 28, 1998
Fiz. Tverd. Tela(St. Petersbunl, 26—29(January 1999

Measurement of the heat conductivity and electrical resistivity of twe_S@d, S compositions
with x=0.1 and 0.14 is reported within the 80—300 K interval. An analysis of experimental
data on the electronic component of heat conductivity permits a conclusion théistii#band of
“heavy” carriers in the conduction band of these materials lies aboves thight”-carrier
subband. ©1999 American Institute of Physids$$1063-783@9)00701-7

Intense investigation of the physical properties of theinterband interaction exhibit an unusual behavior of the Lor-
SmS—GdS solid-solution system started in 19%hce then, entz numbet (x.=LT/p, wherep is the electrical resistiv-
an enormous number of publications dealing withity, and T is the temperatuje”’ An analysis of the tempera-
Sm,_,Gd,S have appeared, but many aspects of the physicdtre dependenck (T) permits a conclusion on the mutual
phenomena occurring in this system still remain unclear. position of the heavy and light subbands in the material un-
Strangely enough, there are still no studies of the headler study’~®*°
conductivity » of Sm,_,Gd,S, although this parameter is The purpose of the work wd$) To study the magnitude
needed for thermodynamic calculations, while data on thé@nd temperature dependence of the heat conductivity for a
electronic component of the heat conductivity, would ~ number of Sm_,Gd,S black-phase compositions, afid)
provide information on position of thé ands subbands in T refine the conduction-band structure of the;Sp&d,S
the conduction band of Sm,Gd,S.2® Literature is domi- Plack phase. _
nated presently by two directly opposed viewpoints concern-  GdS and SmS were synthesized from eleméhiBhe _
ing the latter>7~11 material obtained was used to prepare fused polycrystalline

We are reporting here heat conductivity measurementQ' Single-crystal Sm.,Gd,S samples of a given composi-
made within the 80-300 K interval for two Sm.Gd.S tion. The preparation and melting of the samples were car-

compositions X=0.1 and 0.1% corresponding to the so- ;'Ed out 'Il'nh allr-tlghtf tan;[algrln contaljnéFsljnt an |n_d uction d
called “black” phase of this system. urnace. The loss of material was reduced to a minimum due

Prior to discussing the results obtained, consider thd® reliable sealing of the containers in which the melting and

. o ~annealing of the samples were performed.
ma_m_characterlstlcs of the Sim‘Gd@ system and t_he pos We measured the lattice constardt 300 K and the heat
sibilities suggested by an analysis of the behavior of the

conductivity and electrical resistivity of Sm,Gd,S (for x

i_uorreentz number for compounds with a complex band struc-_ 0.1 and 0.1% within the 80—300 K temperature interval.

. X-ray diffraction measurements used instrument anch Cu
_ 1. Sm_,GdS undgrgoes an isostructur@aCl-NaC) DRON-2 radiation. Thex and p were measured on a setup
first-order phase transition &=0.16, from a strongly degen-

cond bad I h L wh similar to the one described in Ref. 18.
erate semiconductdor bad metdlto the metal, where sa- The results of the measurements are presented in Figs.

marium ions are in the state of homogeneous mixed valencg_, The values of for the compositions witkk=0.1 and
(Sm*29.1213 The phase transitioioccurring atx=0.16) (14 were found to coincide with literature d=aFig. 1),

changes SUOHQB’ 1t5he lattice constaak-o.16~5.85 A, and  \yhich confirms that the melting of samples did not entail any
ay-0.16~5.68 A Within the x=0-0.16 compositional |gss of material.

interval, the samples are blattke “black” phase, and after Figure 2 presents experimental data eg,. For the
the phase transition they acquire a yellowish tithe  studied compositions
“golden” phase for x>0.16.

2. The conduction band of SmS, GdS, and the %ot~ %pht %e. @
Sm_,GdS black phase is derived from the “heavyd,  wherexy, is the lattice component of the heat conductivity.
and “light,” s, subbands. Their mutual positighe. which  The electrical resistivity (T) is shown graphically in Fig. 3.
of them lies lower or higher in energpecame a subject for For both compositions, the(T) relation has a metallic char-
debate in literaturé> acter.

3. Substances whose conducti@n valence band is de- We used Eq(1) to calculatesx,,(T) under the assump-
rived from subbands with heavy and light carriers coupled bytion that . obeys the Wiedemann-Franz law

1063-7834/99/41(1)/3/$15.00 22 © 1999 American Institute of Physics
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FIG. 1. Lattice constant of Sm,Gd,S vscomposition. Solid curve — after
Ref. 15; points — this experiment for the=0.1 and 0.14 composition§
and G — regions of the black and golden phase, respectively;— the
critical Gd concentration at which the phase transition occurs.

xe=LplT, 2
and the Lorentz number=L,=2.45x 10~ 8 WQ/K?2, which
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FIG. 3. p vs Tplot for Sm _,Gd,S with x=0.1 (1) and 0.14(2).

For pure samplewgh, the residual heat resistance, is zero,
and for defectiveor doped crystals,\/\/gh# 0. The latter case
applies directly to our samples.

It was found that, for Sm_,Gd,S withx=0.1 and 0.14,
relation (3) holds only within the 160-300 K interval. For
T<160 K, W,,(T) deviates noticeably from3) toward
smaller values. This effect is not seen in stoichiometric SmS
samples and compositions within the SmS homogeneity re-
gion (Fig. 4, curves3 and4).510:2

Wi (T) may deviate from a linear relation because a
wrong assumption of (T) in Eqg. (2) would affect x, (T)
and, henceW,,(T). In order forW,,(T) to remain linear
down to 80 K,L must be larger thah, (L>L,) within the
160-80 K interval.

We shall assuméW,,(T) to obey Eq.(3) within the

is valid for metals and strongly degenerate semiconductorghole temperature region from 80 to 300 K for both compo-

under elastic carrier scatterifig.

Figure 4 displays the lattice heat resistanag,(T)
= 1/%p,(T) calculated from Eqs(1) and(2) for Sm, _,Gd S
with x=0.1 (1) and 0.14(2). By theory*®for T=0/3 (0 is
the Debye temperatu

th: AT+ th. (3)
oe]
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oxX
L ]
o X
%%
3%
= %%
EO %%
2 X .-0’3"
3 p W"'W
2 U
8 %
5._
%‘38:,&
%MM
7% W R AN TR TR M NN N N N N N
100 200 Jog 1,K

FIG. 2. Temperature dependence of the total heat conductijtyfor
Sm,_,Gd,S samples withx=0.1 (1) and 0.14(2). | — heating cycle, 80 to
300 K, Il — cooling cycle, 300 to 80 K.

sitions, x=0.1 and 0.14. Taking into account Ed4) and
(2), L (T) will now take on the values shown in Fig. 5a.
Under what conditions could become larger thah,? We
made an attempt at explaining this effect in terms of inter-
band interaction of heavyd] and light (s) carriers in the
subbands making up the conduction band in
Smy_,Gd,S.2%81OWithin the above model. can be larger
or smaller tharL, depending on the energy positions of the
Fermi level Eg) and thed and s subband$:>° In these
conditions, a noticeable difference betwdemandL is ob-
served only when the heavy-carrier subbawndthin which

E lies) is higher than the light-carrier orieee Fig. 5b For
the opposite position of the above subbarids;L o.>*°

0 100 200 300 T, K

FIG. 4. Lattice heat resistance of $mGd,S vstemperature fox=0.1(1)
and 0.14(2). Curves3 and4 are, respectively, plots 6f/,, (T) for SmS and
Sm, 155 (data from Refs. 10 and 20AISh— residual lattice heat resistance.
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Structural perfection of GaN epitaxial layers according to x-ray diffraction measurements
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Two- and three-crystal diffractometric study of the structural perfection of GaN epitaxial films
grown on sapphire, GaAs, and SiC substrates is reported. The diffraction intensity
distributions around the reciprocal-lattice points are shown to be extended in the direction
parallel to the surface, which is connected with the anisotropy of the local strain fields in the layers.
A comprehensive analysis is made of the broadening for several reflection orders measured

in three geometries, namely, Bragg, symmetric Laue, and grazing-angle diffraction. The five
independent components of the microdistorsion tedsgr, as well as the average coherent-
scattering lengths in two directions, and r,, have been obtained. It is shown that for most
samples the components responsible for reflection broadening along the surface are
noticeably larger, i.ede,,> ée,,, and 6e,,> de,,, as well asr,>r,. All tensor components are
related to a specific dislocation type. Electron microscopy of the samples revealed a high
density of pure edge and pure screw dislocations extending normal to the interface, and which
provide a dominant contribution t®, ande,,, respectively. ©1999 American Institute

of Physics[S1063-783#9)00801-1

Structural studies of GaN epitaxial layers by x-ray dif- various reciprocal lattice point)RLP). In a general case, a
fraction methods have been the subject of a large number dfim with lattice parameters different from those of the sub-
experimental work$™® X-ray diffractometric studies deal strate is characterized by distortion tensor componegnts
mostly with three problems, viZi) measurement of the lat- where one considers film atom displacements relative to sub-
tice parameters of single crystals and filhfsii) determina-  strate lattice sites, and both deformation and rotations can
tion of the symmetry and orientation of GaN films grown ontake place. The average values of thecomponents deter-
different substrates and of the part played by the substratamine the position of an RLP of the film with respect to the
orientation®* and (iii ) investigation of the structural perfec- like substrate site
tion of films"=8,

Some publications present a comprehensive analysis of
the halfwidths of reflections in various orders, both symmet- AH;=- E CLIE @)
ric and asymmetric, measured in Bragg geometry. It was
shown that the broadening of Bragg reflections originates Besides macrostrains caused by uniformly distributed
primarily from dislocation-induced distortions of the reflect- structural defects and impurities, the layer undergoes micro-
ing planes. Intensity contours extended along the normal tdistortions originating from displacement fields around struc-
the diffraction vector were traced to misorientation of thetural defects. They can be described by rms fluctuations
mosaic blocks. By contrast, another stuflysuggests that (oe;j) of the components of the average distortion. Micro-
small lateral dimensions of coherent scattering regions prodistortions affect the shape of the RLPs by causing their
vide a dominant contribution to the angular width of sym-extension and the broadening of the corresponding diffrac-
metric reflections. This conclusion accords with the presentlyion intensity contours. Note also that, in contrast to the av-
accepted model of a columnar structure for GaN films. Theerage distortion components, here only the absolute values of
structure of GaN layers is characterized by an anisotropy imnicrostrains have any significance. In this case we exclude
microstrain fields, which becomes manifest in a large differ-the existence of macrogradients, i.e., of a nonuniform distri-
ence between the halfwidths of symmetric and asymmetrigution of defects in the film, since the latter would bring
Bragg reflection$. about asymmetry in the diffraction peaks.

This work demonstrates the possibilities of using various  In a general case, the distortion tensor can be decom-
x-ray diffraction geometries to obtain a better insight into theposed into a symmetric strain tensoand an antisymmetric
structural perfection of gallium nitride films grown on differ- rotation tensorw. The diagonal components;; relate to
ent substrates. compression and tension, and the off-diagonal osgs, to
shear. Most studies of the broadening of diffraction peaks
discriminate only between the diagonal and off-diagonal mi-
crodistortion terms, and assume the former to be due to mi-

The study focuses on construction and analysis of a twoerodilatation, and the latter, to microrotations. GaAs—Si was
dimensional x-ray diffraction intensity distribution around the first epitaxial system for which this was shown to be not

1. TECHNIQUES

1063-7834/99/41(1)/7/$15.00 25 © 1999 American Institute of Physics
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true, in fact, the experimental values &, , and 6e,, did not Because th€0001) basal plane is isotropic, the distor-
coincide. tion tensor can be described by five independent compo-

Strain is not the only factor accounting for diffraction nents. Thus in a general case we have to define seven struc-
peak broadening. The shape of an RLP is affected also by thgral parameters, namely, five components of microdistortion
limited size of the coherent-scattering regions. One of the,q two, of grain dimensions. A diffractometer set-up with

problems in diffraction analysis lies in separation of thesean analyzexa narrow slit in front of the counter in the two-

contributions. In x-ray diffraction measurements this can be rystal arrangement or the third crystal in the three- crystal

done because the microdistortion components broaden onfy . -
ne permits obtaining two RLP scans for one chosen reflec-

the reflections which have the corresponding component of i , i )
vectorH tion, perpendicular to the diffraction vector b scanning

and parallel tdH by #—26 scanning. Thus one actually mea-
60;=(deji)H; , @ sures two halfwidths of these cross sections, i.e. two inde-
and the limitation of a dimension in a particular direction pendent quantities for determining the parameters of interest.
affects all RLPs in the same direction To obtain the distortion-tensor components, one has to
5q,=1/r; . 3) measure several x-ray reflections with differently oriented

] ) ) reciprocal-lattice vectors. Symmetric reflections, for which
The _relatlon between coordmgtesqr:;pace and angular vector H is directed along one of thg,y,z axes, are an
broadening depends on the way in which the latter is mea-

sured(the scanning modeFor an RLP scanned in the direc- optimum. In this case, a_s can be seen from ‘ElO_l,- thee;,
tion of the diffraction vector @—26 scanning ow components are found directly. In the symmetric Bragg ge-

= 5q,4/(k cosé), and for perpendicular scanning can ometry, the diffraction vector is aligned with the surface nor-
sw=5q, /H. Hereq,, andq, are the projections of vectar mal, and one measures the projections of veatdron thez
which are parallel and perpendicular to the diffraction vector@ndXx (or y) axes, where is oriented along the normal, and
H, respectively. Thus in order to separate the contribution (Y) is parallel to the film plane. In symmetric Laue diffrac-
due to microdistortion and size effect one can use the differtion, H is alongx, and one measuresH, and AH,. In
ent dependence of broadening on the Bragg ahyf8. coplanar diffraction geometrgwith the surface normal and
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I a i b the intensity distribution around the RLP 0002 for a symmet-
ric Bragg reflection and the corresponding scans along and
perpendicular to the diffraction vectob{ 26 and 6 scang
obtained on one of the samples studied. The intensity con-
tours are extended in the direction perpendiculatHtoa
shape typical of relaxed epitaxial systems. TheQlieXlec-

tion curves obtained for the same sample in symmetric Laue
geometry are shown in Fig. 2.

The FWHMSs measured in two directions in different ge-
ometries are given in Table | for the first two reflection or-
ders. As one crosses over to higher orders, the reflection

width in the # scans remains nearly constant, while for the
/] I A - +i #—26 curves it increases proportionately to the tangent of
~1000 -?zser?of ggg 8,sec of arc the Br_agg angle. It_ thus follows that thg main (_:ontribution to
reflection broadening comes from strains, as is the case also
FIG. 2. Three-crystala) 6— 26 and(b) # scans of the 112 Laue reflection with mOSt_ strongly mismatched eplta?(lal structures \_N'th
from sample 2GaN/(0001) sapphiré. pm-thick films. Note also that the halfwidths of the maxima
obtained in# and 6—26 scans in transmission mode are
nearer to one another than in the Bragg case. As a result, the
diffraction vector lying in the same scattering plar@e jntensity distribution contours in Laue geometry approach

cannot measure thg,, ande,, componentsthe so-calledp  ¢joser the spherical shape than those obtained in the Bragg
and y scans used in many studies provide much lower resozrrangementFig. 1).

lution than measurements performed in the scattering plane 5 cnaracteristic feature of these films was the smaller
The missing quantities can be found using grazing noncoplagigth of the diffraction curves obtained in asymmetric ge-
nar diffraction geometry with the diffraction vector alorg ometry at grazing incidence compared to those measured for
ory, ano_l the scattering plane almost parallel to the sur“l‘é_ce. the same reflection under grazing scatterifiég. 3. This

In this work, a three-crystal diffractometer was usedin gy, 4 pe the case for the RLP extended in a direction par-
and §—26 scans for the following reflections from GaN allel to the surface. In these conditions, if one uses a two-

fi_ImLs : syml;r;etri_c Brigg r2e2ﬂzejctiloon_£ 00%22%—”2(1 00341’1—33' mmet'crystal arrangement with a widely open detector window and
ric Laue reflections 112, ' »an »an N with the intensity integrated in a direction nearly parallel to

grazing_geometry. . . the surfaceat grazing incidengeor perpendicular to ifat
Wi dfi;lgssv,vet\r/\éoxgyasstilrecdu;\é?(?:;hﬂgasdfr;erﬁg:igvg?a%z g_razirjg refle_ctio]n the observation bar_1d ir_1tersec_ts the inten-
reflections Ps=50.2°, o= 39.2°) at grazing incidence and sity distribution along t_he shorter section in the flrst case, and
reflection B ' a!ong the longer one, in the second, as showq in the msets to
. . . Fig. 3a and 3b. Because for the #l@symmetric reflection
The diffraction analysis presented here was conducteﬂje diffraction vector has nearly equal componeitsand
f(_)r severaI_GaN epitaxial films grown on diff_erent substratesHZ (parallel and perpendicular to the surface, respectiyely
wér esagp;gw;e b(ya(;]i?fg rgﬁnzztr%?jésér?gdvasrligd T:ir:iiirss ssuch a di_ffraction pattern can _be accounted for by an anisot-
from 0.5 to 6m. ropy in either the microdistortion components or the coher-
ent lengths se,,> de,,,6e,,> 6€,,, 7x<T7;.
The components were derived directly from the half-
widths of the symmetric reflections obtained in the Bragg
We present below the results of diffraction measure-and Laue geometries. The results are presented in Table II.
ments made on several typical GaN films. Figure 1 illustrate$Ve see that the dilatation component of the macrosifajn
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2. RESULTS

TABLE |I. FWHM of 6 and 6—26 x-ray diffraction scans for symmetric Bragg and Laue reflections and of two-crystal curves for asymmetric Bragg and
grazing-angle reflection8n arcseg.

0020-CuKa, (Bragg 1120-Mo Ka, (Laue 1124-asym
Sample
No. Substrate Wy Wy_2p Wy Wy Yo<Yh Y0> Yh 1120-graz
1 c-sap 835 72 257 103 360 1460 1440
2 c-sap 1850 75 557 282 577 2550 -
3 c-sap 310 18 128 25 190 433 660
4 c-sap 1820 195 1360 2290 -
5 GaAs 1745 95 - - 735 2120 2700
6 SiC 85 25 135 180 -

Note: The FWHM values for sample 4 grown piplane sapphire are for the symmetric D12nd asymmetric 3aBBragg reflections. For sample 3, the 001
reflection was measured in symmetric Laue geometry.



28 Phys. Solid State 41 (1), January 1999 Kyutt et al.

a b
- 700
12000~ P -
k 8§00
L -
of H i
» -
Laoool- <
2 =" m 400
é L
& i -
- -
3
k i n u
5 585
- 000 200\
.5. " FIG. 3. Asymmetric Bragg reflections obtained
B (a) under grazing incidence, 142 and(b) under
r- - grazing reflection, 112, and(c) intensity distri-
- N bution around the 112 reciprocal-lattice point for
a GaN/ALO; sample. The insets show the geom-
| - [ 1 | S oL [ ' etry of measurements and the relative positions of
85 40 95 100 86.5 875 88.5 the observation bandP) and of the reciprocal-
E,d.eg' a, d.eg‘ lattice point, the arrows identify the direction of
c P-band displacement undérscanning.

/ ~5.97 11

is indeed substantially larger thaie,,, i.e. that local varia- >d&g,, which means that the planes parallel to the surface
tions in interplanar distance for the planes perpendicular taindergo larger macromisorientations than those perpendicu-
the surface are considerably larger than those for the plandar to it. .
parallel to the interface. We see also from Table Il that the  In the grazing diffraction geometry, only reflection D12
off-diagonal components are in the opposite relatiée,,  was measured by the two-crystal arrangement. Because the
dimensions of the coherent scattering regions contribute very
little to broadening, the reflection width is determined by two
TABLE II. Microdistortion components and dimensions of the coherent-Parameters, namely, the dilatatiodig,,, and orientation,
scattering regions in GaN films. dey,, components. Since the first of them was derived from
Laue measurements, one determines the average micromi-

ﬁzmple bﬁ;ﬁ; 51%2}4 51%*}4 fgéi i%}; e . sorientations of atomic planes around thexes after sub-

i traction of the corresponding contribution from the total
1 51 201 123 6.3 340 640-2300 430-3800 F\WHM.
g i}l ;‘% 421?; 132'12 1I 5 44221300 1955610840 As for the dimensions of the coherent-scattering regions,
5 71 423 <50 <18 57 2170-35000 780-5000 they contribute noticeably less to the total diffraction-peak

width than the microdistortion components. Therefore their
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E perpendicular to the interface are directed aleagd vary as
one moves away from the dislocation lines. Such disloca-
,—E tions give rise to shear strain with &,, component and
z _ _ distort only the atomic planes parallel to the surface. The
120 2240 de,, component can be associated with the rotation of grains
= - (blocks produced by the dislocation network at the interface.

(Obviously enough, these microrotations provide the same
contribution tode,, as well, but, as seen from Table II, it is

<o much smaller than the pure shear componertie quantity
0002 de,, is the smallest of all deformation parameters responsible
for the broadening of diffraction maxima. It can be domi-
<> _ nated both by fluctuations in nonstoichiometry of the film
124 0004 Y0 H24 composition and by dislocations parallel to the interface. Be-

sides, any deviation from the ideal dislocation structure, i.e.,
€a twist of the dislocation lines or their nucleation at points
other than at the interface, will distort the above relation
between the dislocations themselves and the microdistortion

determination from the angular dependence of the halfwidth§omponents.
on Bragg angle depends critically on the way in which one The results obtained here are in qualitative agreement
adds the broadenings due to different contributions, namelyVith the theory® of Krivoglaz developed for x-ray scattering
linearly, w=wg+w,, or quadratically,w2=w§+w§. The by crystals having randomly distributed dislocations, by
first approach, as is well known, Corresponds to Convo|utiorYVhiCh the diffraction intenSity distribution around RLPs in
of two Lorentzians, and the second, to that of two Gaussianghe case of a system of straight dislocations has the shape of
Therefore Table I presents the upper and lower limits on thélisks oriented perpendicular to the dislocation line, and the
values ofr, and 7, obtained, respectively, from the first and width of the Gaussian distribution in the other two directions
second relations. It should be pointed out that the latter apdepends on the produck(b), whereb is the Burgers vec-
pear more realistic, which is in accord with the fact that mostor- Based on this model, the extension of the diffraction
diffraction calculations made for crystals with randomly dis- distributions parallel to the surface observed by us argues
tributed dislocations yield a Gaussian-shaped broadened difnambiguously for the dislocation ensemble consisting pre-
fraction line. dominantly of straight dislocations perpendicular to the in-
The RLP shape obtained from an analysis of the halfferface.
widths of all the measured reflections is shown schematically ~ As for a quantitative determination of dislocation density
in Fig. 4. The intensity distribution for all measured reflec- p from the x-ray diffraction-line broadening, the various the-
tions is extended in the direction parallel to the surface. IrPretical models developét’ for randomly distributed
symmetric Bragg geometry, this results from the large comstraight dislocations predict proportionality of the line width
ponent due to misorientation of the reflecting planes parallefin g units) to the quantityHb/p, whereH is the length of
to the surface. If the coherent-scattering regions in a layethe reciprocal-lattice vectoffor the given direction oH).
underwent only microrotations, all RLPs would be extendedl he quantitative relation between the halfwidth and the den-
along the normal to thel vector, and this is what is observed Sity contains, however, two more factors, which are associ-
in most experiments performed on other epitaxialated with the direction of thél andb vectors and the so-
system&*and is supported by theoretical calculatihés called external and internal radii taken as limits of
for the shape observed with the GaN films studied by us, itntegration over the dislocation ensemble. The diffraction
can be accounted for only by assuming the presence of bottector of the reflections studied by us was parallel to the

dilatational and orientational components of microdistortion.corresponding Burgers vector, which leaves an uncertainty
with the second factor only; this uncertainty is aggravated by

the fact that we deal here not with bulk crystals considered
by Krivoglaz and Wilkens but rather with thin epitaxial lay-
As seen from Table Il, microdistortion on both parallel ers. Therefore we can offer only a rough estimate of the
and perpendicular atomic planes has anisotropic componenttislocation density of X 18— 10° cm™? for the best sample
in all samples, irrespective of the substrate material. ThigNo. 3), and 6x 10°—3x 10'° cm™2 for the film on GaAs.
trend fails sometimes only for films grown on SiC, which This density is probably approximately the same for screw
exhibit a better structural perfectidiand are characterized and edge dislocations, because the smaller magnitude of the
by the most narrow curveésThis anisotropy in the microdis- corresponding microdistortion component in the second case
tortion components can be explained within simple disloca{Table Il) is due to the smaller length of the Burgers vector.
tion models. If one has pure edge dislocations, which ar&he correlation in the dislocation distributions should also
normal to the interface and whose Burgers vector is paralleiffect the estimate op. The large magnitude of thée,,
to the latter, they should provide the major contribution tocomponent(see Table )} may be connected, in particular,
the de,, and de,, components while not affecting thein-  with possible ordering of like perpendicular edge disloca-
dexed ones. For pure screw dislocations, the displacementi®ns.

FIG. 4. Relative position and shape of the reciprocal-lattice points of th
reflections used in the study of GaN films (001 sapphire.

3. DISCUSSION OF RESULTS
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A comparison of the samples in parameters of their de-
fect structure shows that the observed features and, hence,
the dislocation structures are the same for different samples,
irrespective of the degree of structural perfectithe reflec-
tion halfwidths ranged over more than an order of magni-
tudg. Most likely, this suggests that the presence of ex-
tended pure screw and pure edge dislocations is a
characteristic feature of GaN films having hexagonal struc-
ture, irrespective of the growth technique and conditions
chosen.

Although the grain sizes are determined from our experi-
ments with not high enough accuracy, one can nevertheless
maintain that the transverse dimensions of the coherent-
scattering regions in all samples are smaller than the size
along the normal. This speaks in favor of the columnar struc-
ture observed repeatedly in GaN films.

On the whole, electron microscope observations of both
planar samples and cross sections coincide with the results of
x-ray diffraction measurements. Figure 5a, 5b and 5c dis-
plays electron microscope images of a sample grown on
GaAs. The plan viewFig. 53 shows grains 0.2—-0.Am in
size, and dislocations in between, normal to the surface, seen
as dark and bright points. The type of the extended disloca-
tions was derived from cross sectional images obtained from
different reflections. One clearly sees screw dislocations with
the Burgers vectob=[0001] (Fig. 5b) and pure screw with

the Burgers vector of the type=31120] (Fig. 59. These
dislocation types were observed to occur in GaN films by
other researchers as wiiI!® As already pointed out, it is
this dislocation configuration that should be responsible for
the largee,, ande,, components.

The microdistortion components presented in Table I
were derived from symmetric reflections obtained in Laue
geometry. Measurements in transmission geometry are pos- *
sible naturally only for films grown on weakly absorbing
substrates, such as sapphire, silicon, and silicon carbide. This
method is inapplicable to structures on GaAs. To find the
parameters of interest in this case, one has to use asymmetric
Bragg diffraction, which is conventionally employed in stud-
ies of structural perfection of epitaxial systems. As already
mentioned, it does not yield as unambiguous values of the
deformation parameters as the former approach, because the
number of factors acting on the reflection FWHM in asym-
metric geometry is twice that met in the case of a symmetric
arrangement, and their rigorous separation is a much more
complex problem requiring knowledge of strain distribution
functions in the film. For epitaxial gallium nitride films,
however, measurement of asymmetric Bragg reflections, as
seen from Table | and Fig. 2, offers a fast way to reveal
anisotropy in microdistortion parameters and, hence, to esti-
mate the density of edge and screw dislocations responsible
for this anisotropy.

One should bear in mind that the regions of an epitaXia‘:IG. 5. Electron microscope images of a GaN film grown on Gé&&splan
film involved efficiently in scattering are different in differ- view, (b) and(c) cross sections with diffraction vectés) g=[ 0002 and(c)
ent measurement geometries. In Laue geometry it is practp=[1120.
cally the whole thickness of the film, while in the Bragg
arrangement the radiation penetration depth is determined by
photoelectric absorption, so that the upper layers, which lidracted intensity. In the case of grazing diffraction, informa-
closer to the surface, provide a larger contribution to dif-tion is collected only from a thin near-surface film layer. All
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this may be of considerable significance if the epitaxial film “D. Kapolnek, X. H. Wu, B. Heying, S. Keller, B. P. Keller, U. K. Mishra,
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Erbium in silicon carbide crystals: EPR and high-temperature luminescence
P. G. Baranov, I. V. llyin, E. N. Mokhov, A. B. Pevtsov, and V. A. Khramtsov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 18, 1998
Fiz. Tverd. Tela(St. Petersbuigdl, 38—40(January 1999

Erbium ions have been incorporated for the first time in butk-8iC crystals during growth,
and they were unambiguously identified from #3é&r EPR hyperfine structure. High-
temperature luminescence of erbium ions at a wavelength of dnb4as been detected. The
observed luminescence exhibits an increase in intensity with increasing temperature.

The observation of Er luminescence iH&iC offers a promising potential for development of
semiconductor light-emitting devices at a wavelength within the fiber-optics transparency
window. © 1999 American Institute of Physid$$1063-783%9)00901-q

Rare-earth-doped semiconductors are attracting an evene could not detect the hyperfifief) structure of the spec-
increasing interest due to their potential use as light-emittingra. We believe that only by solving the problem of incorpo-
diodes or lasers. Because the luminescence is produced iiation of isolated Ef" ions in bulk SiC material during
intra-4f transitions, the crystal-field effects are very weak,growth (as far as we know, for Si this problem still remains
and the luminescence is practically independent of the semiinsolved can make this material promising for application
conductor material. Of particular interest is erbium, becausé opto-electronic devices.
the*l,3,—* 15 intra-4f transition observed at 1.54m is at This work reports on a successful solution of the prob-
the minimum of absorption of silicon-based optical-fiber sys-lem of incorporating single BF ions (i.e. ions that do not
tems. Photoluminescent properties of rare-edRE) ele- form impurity clusters such as erbium pairs gtm bulk
ments in llI-V systemgsee Ref. 1 and references thejein 6H-SIC crystals grown by the sandwich sublimation method.
and silicorf have been a subject of many publicatidns. Preliminary results of EPR studies of *r ions in

The main problem is presently the low luminescence6H-SiC:Er crystals were presented in Ref. 7.
yield, particularly at room temperature. The luminescence
guenching decreases with increasing semiconductor gap EXPERIMENTAL TECHNIQUES
width. This factor becomes particularly essential when as-

. . - ) ... The samples were bulk erbium-dope#l&iC crystals
sessing the potential of Si:Er-based devices, because it 'gsrown by the sublimation sandwich technifjie vacuum at
believed that a high luminescence yield is, in principle, im-

. . . * . . ) . 1850-1900 °C. Metallic erbium placed in a tantalum con-
pQSSIb|e n th's. sys_te .I_r_lcorporan_on of erbium ions N tainer served as the impurity source during the growth. Be-
wide-gap materials like silicon carbide could be a promising. o ot the presence of nitrogen donors, the crystals thus

approach, because such systems can be matched to silico%wn hadn-type conduction. Using a tantalum container

based devices. Besides, semiconductor technology based §Qrmitted reducing the nitrogen donor concentration to

the silicon carbide itself presently finds ever increasing ap7gi6 o3

plication. Erbium luminescence at 1.24n was observed in EPR spectra were measured in tKeange (9.3 GH2
ipn-implanted SiC. The maximum depth of erbium penetra- within the 4-300 K temperature region. The sémples were
tion was 0.3um. To our knowledge, all attempts at detectlng?)x4 mm platelets about 1 mm thick, with their plane being

these ions by EPR in ion-implanted layers and, thus, at es'erpendicular to the hexagonal axisof the crystal. The

tablishing the structure of the luminescencing centers faileo{.) : . :
- A . . uminescence was excited with He—C825 nm), Ar (488
The reason for this is that ion implantation permits one to m (

. . ) nm), and Kr(647.1 nm lasers. The luminescence was stud-
obtain only a very thin doped layer, which makes EPR mea:, 4+t 77 and 300 K.

surements very difficult. The difference in structure between
the defects in ion-implanted layers and bulk material adds
) . . . . 2. RESULTS OF THE EXPERIMENTS: EPR
another problem. Besides, ion implantation permits doping
with impurities which cannot be introduced into the semi-  The EPR spectra measured il &IiC:Er crystals con-
conductor during growth, i.e. when the system is in a nonsisted of many anisotropic lines, whose positions varied with
equilibrium state. This point can be illustrated by an EPRorientation within the magnetic-field range of 50 to 800 mT.
study of erbium-oxygen complexes €Ersurrounded by six Spectra of two types of centers with qualitatively different
oxygens in silicon® A 2-um thick oxygen-enriched layer angular behavior were observed. The first type comprised
was obtained by solid-state recrystallization of an epitaxiaseven axially symmetric centers, with the symmetry axis
amorphous layer produced by ion implantation of erbiumalong the hexagonal direction in the crystal gxis). Three
into silicon. One cannot exclude the possibility that what wascenters with orthorhombic EPR spectra belong to the second
observed were actually EPR spectra of erbium pairs, becausgpe.

1063-7834/99/41(1)/3/$15.00 32 © 1999 American Institute of Physics
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FIG. 1. EPR spectra of aH6-SiC:Er crystal measured in thgfc andB.L ¢
orientations ata) 12 K and(b) 15 K at a frequency of 9.3 GHz.
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1200 7400 7600
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All EPR spectra can be described by a spin HamiltoniarFIG. 2. Luminescence spectra of & &iC:Er crystal measured under ex-
citation with (a) Ar laser (488-nm wavelengthat two temperatures, 77 K
H=ugBgS+ SAI, (1) (10-mV gain and 300 K(1-mV gain, and(b) Kr laser(647.1 nm at 77 and
300 K.
whereS=1/2, 1 =7/2 (the nuclear spin of®’Er), ug is the

Bohr magneton, and is the g tensor. The first term de-

scribes the interaction of the electron spin with external mag-  Besides orthorhombic Bf centers, we detected in the
netic field, the second relates to the hf interaction of thej00—600-mT magnetic-field region EPR signals of axial
electron spin with thé®’Er nuclear spin, and is the corre-  symmetry, with the hexagonal axisas theg tensor axis. The
sponding tensofthis term is zero for even erbium isotopes spectrum shown in Fig. 1 and obtained in & c orienta-
The hf structure was measured reliably for three centers witlion is seen to have five lines denoted Ay,, Ax,, AXs,
orthorhombic symmetry and two axially symmetric centers.Ax,, andAxs. Such spectra can be described by the same
For three centers with orthorhombic symmetry, which areaxially symmetric Hamiltoniar(1). We shall consider only
denoted here by S, LS;, andLS;, the local axisz coin-  the two centers denoted yx, andAx;, because they pro-
cides with one of the six Si—C directions, and does not coguced the strongest lines, and their hf structure was reliably
incide with thec axis. Thex andy axes lie in the plane established(Fig. 1). For the Ax, centers, gu—l 073, 9,
perpendicular to the axis, and the former is in one of the =g 284, Aj=290x 1004 cm %, A, =38x10"*cm %, and
{1120} planes. The spin-Hamiltonian parameters were foundor the Ax3 centers, gH—l 164 gL 8. 071 A|=285

to be as follows: for theLS; centers —gx=12.2, gy X104 1 andA, =41x10*

=3.35, andg,=1.5; forLS, — gx=10.6, gy=6.16, and One observed also an mtense, strongly anisotropic EPR
0z=1.26; and forLS;: gx=9.25, gy=7.2, andg;=1.45.  spectrum characterized by axial symmetry vgik=0.77 and
Direct identification of erbium ions was made possible byg, =3.5, which we denoted bsxg. The EPR linewidth of
observation of the hf structure in the spectra due to the inthe Axg center is almost an order of magnitude larger than
teraction with the!®’Er nucleus. Erbium has one stable oddthose of the above spectra. Although we did not detect the
isotope ’Er (natural abundance 22.8%with a nuclear spin  *®7Er hf structure in this spectrum, it may be conjectured to
I =7/2, so that the spectrum must consist of one strong cerbe also due to the erbium impurity.

tral line and eight weak satellites of equal intensity. Their

intensity should be about 3% of the central-line amplitude.

Figure 1 shows EPR spectra obtained for two crystal orlen§ LUMINESCENCE

tations, B|lc andBLc, at 12 and 15 K, respectively. The We studied also the luminescence of the crystals where
EPR spectra of theS,, LS,, andLS; centers and their hf the above!®’Er EPR spectra were observed. The visible and
structure are seen in ti&jc orientation. We also obtained hf near-IR luminescence produced by interband excitation ex-
constants of the structure, and they are given here only fohnibits lines typical ofn-type 6H-SIiC crystals with a low
the LS centers A,=450x10"*cm !, Ay=123.5 nitrogen concentration. Figure 2a,b shows luminescence
xX10 *cm !, andA,=55.4x10 4 *1. spectra excited by photons of energy considerably lower than
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the 6H-SIC band gap by means of lasers operating at 488ole in possible future applications. The efficiency of direct
and 647.1 nm, respectively. The luminescence spectra weexcitation of erbium is usually low and, therefore, our ex-
taken for two temperatures, 77 and 300 K. One sees in botperiments to apparently reveal absorption by defects and im-
panels strong luminescence lines, with their wavelengthgurities with subsequent excitation transfer td ‘Eions. A
practically coinciding in both cases. The long-wavelengthgood candidate for this process could be, in particular, vana-
line intensity increases strongly with increasing temperaturedium, whose luminescence lines are also effectively excited
and this line is typical of thél ;5,,—*1 15, 4 intrashell tran-  in the crystal. We used excitation at two wavelengths in our
sition in the EF* ion. The three additional luminescence experiments to obtain supportive evidence for the assump-
lines whose intensity, in contrast to the*Eremission line, tion that absorption by vanadium may be involved in excita-
grows with decreasing temperature, correspond in poSitiontion of the erbium luminescence.

to vanadium lines in BI-SiC. Vanadium is the usual residual The authors owe sincere thanks to W. J. Choyke,

impurity in silicon carbide. G. Pensl, Yu. A. Vodakov, V. F. Masterov, and V. G.
Golubev for fruitful discussions.

4. DISCUSSION OF RESULTS Partial support of the Russian Fund for Fundamental Re-

A comparison of the RE ionic radii with the radii of search(Grant 98-02-1824lis gratefully acknowledged.

silicon and carbon suggests that erbium occupies silicon sites
in SIC. Our studies of the hf structure of EPR spectra showedy, ¢ wasterov, Fiz. Tekh. Poluprovoda?, 1435(1993 [Semiconduc-
unambiguously that these spectra are produced by single er+ors 27, 791(1993].
bium ions which are not bound in impurity clustdisr—Er 2. Micht_al, J. L. Benton, R. F. Ferrante, D. C. Jacobsoln, D. J. Eaglesham,
pairs etcl. We believe that three of the axial centers are due Eh;s' ;étzzgee;‘;'?igg']‘)” Xie, J. M. Poate, and L. C. Kimerling, J. Appl.
to erblpm Sl:bstltutmg for silicon in the lattice sites. Ortho- s ‘poiman, J. Appl. Phys82, 1 (1997.
rhombic EP* centers have a more complex structure and“w. Jantsch and H. Przybylinska, Rroceedings of the 23rd International
include another defect in the carbon site near an erbium ion.gonfefsrgezf’hysics of zi/milcc?gdqct@f?rlig_ 1996,r)editegotzné M. Sche-
H H er an . Zimmerman or cientific, Singapope p. .

It_may be conjectured that the ¥r ion forms a complex 5W. J. Choyke, R. P. Devaty, L. L. Clemen, and M. Yoganathan, Appl.
with one oxygen atqm ora car_bor_l vacancy in such a WaY phys. Lett.65, 1668(1994.
that the line connecting them coincides with one of the Si—C®J. D. Carey, J. F. Donegan, R. C. Barklie, F. Priolo, G. Fraramul
bonds while not coinciding in direction with the hexagonal _S- gOffa, Appl. Phys-l L_eﬁﬁ9'd3854(1996)kh Solid State o
axis for orthorhombic centers. Some of the axial centers may gél ('123%'"”0"’ 1. V. llyin, and E. N. Mokhov, Solid State Comm203
also be connected with erbium-containing complexes. 8Yu. A. Vodakov, E. N. Mokhov, M. G. Ramm, and A. D. Roenkov, Krist.

The main problem lies in establishing the excitation Tech.5 729(1979.
mechanism for the strong erbium-ion luminescence, as welfM. Kunzer, H. D. Miler, and U. Kaufmann, Phys. Rev. 88, 10846
as the intense growth in luminescence intensity with increas-

ing temperature, a phenomenon which may play a decisiv&ranslated by G. Skrebtsov
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Electronic structure of semiconductor solutions of cadmium chalcogenides
B. V. Gabrel'yan, A. A. Lavrent’ev, and I. Ya. Nikiforov

Don State Technical University 344010 Rostov-on-the-Don, Russia
(Submitted June 22, 1998
Fiz. Tverd. Tela(St. Petersbuigdl, 41-43(January 1999

The electronic structure of the semiconductor solid solutions 8¢S, x

=(0,0.17,0.33, 0.5, 0.67, 0.83, 1.0) is investigated. The experimental x-ray and x-ray-induced
electronic spectra of sulfur in CdS are compared with computed spectra. The calculations

are performed using theEEFF (Version 7 program and a package of programs that implements
a cluster version of the local-coherent-potential approximation. The effect of an electron
vacancy in the & level on the x-ray absorption spectrum is investigated. The band gap as a
function of the anion concentration in the solution is estimated.199 American

Institute of Physicg.S1063-783#9)01001-1

The solid solutions CdSe _, with different concentra- a,=xat%S+(1—x)a’tdse

tions x are of interest in connection with the possibility of ] o o )
varying continuously the physical characteristics of thesdVherexis the sg(lj]‘SU( concentration in the anionic sublalttlce
.of the solutiona®®® is the lattice constant of “pure” Cd&,

semiconductors. This creates a potential for practical appli CdSe: i
nda®%Seis the lattice constant of “pure” CdSE.The local-

cations of such solutions, for example, in frequency-tunabl - o ,
lasers. Although there is a large number of works on methpoherent-potentlal method presupposes a specific scattering
potential of an atom placed at the center of a cluster, while

ods for preparing the solid solutions C&& _,,%? the ' .
electronicp-enl?arg gstructure of these solutions hgs been stuglI other scatterers can be “effective.” For the solutions
y Studied in the present work this means that, besides the cen-

@ed very little, espgcially in the region of unoccupied_states_,[ral atom, the other atoms of both sulfur and selenium are
l.e. in the conduction bgnd. In Fhe present quk we m\{es“'replaced by the same interstitial scatteringratrix of the
gated the local electronic densities of states in the solid S%orm

lutions Cd§Se _, as a function of the sulfur concentration

(x=1, 0.83, 0.67, 0.5, 0.33, 0.17).an addition, the influ- tei(E) =Xt(E) + (1—x)tSYE).

ence of a core hole in thi level on the electronic states is
investigated. The calculations are performed using=BEF
(Version 7 prograni for free states and by the local coherent

sotent?l (dep) I-r;ethlo d.’ ugs?d ][nany t(ljmes fo_r §em|con- the free state€XANES region. The crystal potentials of Cd
uctors and solid solutions,for free and occupied states. o,y g f “pure” CdS and the potentials of Cd and Se in

This enabled us to compare the results obtained in the totalpure,, CdSe but with lattice constana, (in both cases

. . . . . . X
multiple scatteringMS) approximation and in the high-order \yere calculated for a chosen value xfusing the FEFF
multiple scattering approximation, using the Rehr—Albers al'(Version 7 program. Next, it is assumed that in the solution

gorithm (FEFF program). . the scattering potentia®%,vS, andVSe are
The FEFF (Version 7 program, authored by Zabinsky,

Rehr, and Ankudinov;®”’is based on the high-order multiple VO=xVE+ (1-x) Vs  VS=VZ4s,
scattering (MS) approximation. In this approximation, a Se. +,Se
single-electron calculation of the effective cross section for V>*=Vcdse

x-ray photoabsorption is calculated in the dipole approxima-  Next, the local partial electronic densities of states for all

tion using Fermi's golden rule taking the core vacancy intocomponents of the compound were calculated in the standard

account. . _ _ (for the local coherent potential approximatiananner tak-
A cluster version of the local-coherent-potential approxi-ing account of the S and Se concentrations.

mation was proposed by Gyorff§ and employs the Green's In Fig. 1, the experimental x-ray photoelectron spectra in
functions apparatus to calculate the local partial electroni€ds from Ref. 13(curve 1), our K x-ray emission spectra
densities of states. A description of this approximation and gcurve 2) and absorption spectrgurve 3) of sulfur in CdS
comparison with the coherent potential approximation andthe experimental details are described in Réfade com-
the averageé matrix are given in Ref. 10. pared with the theoreticdl absorption spectrurcurve 4),

In the present work, the substitutional solid solutionscalculated using the programEFF (Version 7, and the
CdS-CdSe having the cubic sphalerite lattice are studiedomputed LCP density of frep states in sulfur using the
The lattice parameter for the solutions was determined usingame potential fronFEFF (Version 7, taking into account
Vegard's law an electron vacancy in th€ level (curve5), and the density

The crystal potentials in the calculations of the occupied
states (valence band were constructed according to the
scheme used in Ref. 12. The following scheme was used for

1063-7834/99/41(1)/2/$15.00 35 © 1999 American Institute of Physics
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3
4
5 FIG. 2. Band gafE, versus the sulfur concentrationin the anionic sub-
lattice in the solid solutions CqSe _ . 1 — Calculation,2 — experimenf
| 5
1 1 i | 1 t L 1 1 1 : | 5
2450 2460 2470 24
E, eV a 2490 smaller in pure CdSe than in pure CdS, and its energy cor-

relates well with the experimental data of Ref. 2. As one can
FIG. 1. Results of investigations of the valence band top and conductiogee from Fig_ 2, the difference between the Computed and
band bottom in CdSL — x-ray photoelectron spectrutXPS),** 2 — x-ray experimental values d, is 0.25 eV on the average, while
K emission band of S3 — x-ray K absorption spectrum of %, — com- . . 9 ) . . o
puted x-rayK absorption spectrum of sulf¢FEFF (Version 7), 5 — den- Eg in the solution cannot be determined by simple linear
sity of freep states of S taking account of the core vacaricys density of  interpolation(similar to Vegard’s law on its values for pure

p states in S. CdS and CdSe, as the calculations and experiment showed.

of occupied and unoccupiquistates of S in Cd%curve 6),

calpulatgd using a potential con_structed by the_scheme de—E_Ma”: root@sintez.md.su

scribed in Ref. 12. TheEFF (Version 7 K absorption spec-

trum of sulfur (curve 4) reproduces well the position and

shape of the main peaks in the experimental spectrum, but a

number of low-intensity elements of the fine structure on theiyy a. varvas, M. E Al'tosar, M. T. Nyches, and T. L. Kukk, Tr. Tallin.

high-energy side of the first principal peaks of the experi- Politekhn. Instituta1969. A. c. 3.

mental spectrungcurve 3) could not be obtained in this cal- 2]. B. Midetskaya, G. S. Olik, L. D. Budennayzt al, Physicochemical
lati Th details of the d itv of t Principles of the Synthesis of Single Crystals efMl Semiconductor

cuiation. 1he numerous _e alls of the er_]SI yo fmﬁ_a s Solid SolutionsNaukova Dumka, Kiev1986, 160 pp.

of S (curveb), calculated in the total multiple scattering ap- 3s. . zabinsky, J. J. Rehr, and A. Ankudinet al, Phys. Rev. B52, 2995

proximation, agrees quite well with the characteristic fea- (1995.

tures of the experimental spectrum 4A. A. Lavrentev, |. Ya. Nikiforov, A. B. Kolpachev, and B. V.

. . Gabrel'yan, Fiz. Tverd. Tel&St. Petersbung38, 2347(1996 [Phys. Solid
The calculations showed that the presence of a hole in A5ate3s, 1291(1996)].

K level does not greatly influence the form of the free  5v. v. llyasov and I. Ya. Nikiforov, Fiz. Tverd. TeléSt. Petersbung3s,
states of sulfur and gives only a very smait Q.3 eV) shift 211(1997 [Phys. Solid Stat@9, 185(1997].
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Characteristic features of the photoconductivity and spin conversion of electron-hole
pairs in doped amorphous molecular semiconductors in the dye absorption
region

N. A. Davidenko
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(Submitted July 1, 1998
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The photoconductivity of doped polj-epoxypropylcarbazole films in the absorption region of a
cationic polymethine dye is observed to increase when thg BFR is replaced by Cl and

7. The effect of a magnetic field on the photoluminescence is investigated at room temperature.
The photoconductivity is studied as a function of the electric field intensity and wavelength

of light. The dependence of the photoconductivity on the nature of the anion can be explained by
a change in the probability of intercombination conversion in ionic and electron-hole pairs.

© 1999 American Institute of PhysidsS1063-783%9)01101-4

Amorphous molecular semiconductof®&MSs) with onto substrates solutions of the initial components in dichlo-
visible-range photoconductivity are used as electrographiaoethane and drying in a drying oven at temperatu °C.
holographic, and electroluminescence recording mktlia.  Aluminum electrodes were deposited on the AMS films by
this connection, a basic requirement for AMSs is high phothermal sputtering in a vacuum chamber. The thickness of
toconductivity. It has been showf that in the polyN- the AMS films wasL =0.5—1um, while the Al films were
epoxypropylcarbazoléPEPQ based dye-doped AMSs used 300—350 A thick.
in practice charge-carrier photogeneration consists of two  To achieve our objective we determined the influence of
stages: photogeneration of electron-hole p&isiP9 and  the type ofAn~! on the photoabsorption and photolumines-
external electric field and temperature stimulated dissociacence spectra of AMS films, the photocurrent in the
tion of EHPs on free current carriers. However, it has beerangwich-structure samples irradiated by light from the ab-

established experimentally that the EHP photogeneration ekqrption region of the dye, and the ratio of the singlef)(
ficiency depends strongly on the choice of dyegang triplet f1;) EHP densities.

(Dye"An~1), consisting of, for example, for a cationic dye,
of an organic colorlight absorbing cation Dye™ and an
inorganic anionAn~*. Thus far attention has been devoted
mainly to the choice oDye", initiating EHP photogenera-

. hile th e of th | ion in th KSVIP-23 spectroscopic—computational system.
tion, while the role of the noncolor counterion in these pro- o quasistationary photocurrent densily) (was mea-
cesses has been neglected. In the present work we inves,

. T L . gﬂred in the photoresistance regime using a storage oscillo-
gated the influence dkn™ ! in a cationic polymethine dye on P 9 g 9

the photoconductivity of PEPC films in the absorption regiongraIOh with samples_of the sandwich StrL.JCtl.Jre |rr§d|ated on
of the dye the SnQ electrode side by monochromatic light with wave-

lengths\ ; =511, 546, 578, and 633 nm from the absorption
region of HIC*An™. The\, light source was an incandes-
cent lamp with interference light filters. The intensity X of

The dye 1, 3, 3, 1 3', 3'-hexamethylindocarbocyanine the\ light was varied with neutral light filters. The intensity
(HIC) with three differentAn~! were used for the investiga- Of the external electric field was varied in the rarige 4
tions. The structural formulas of PEPC and the moleculeX 10'—2x10° v/m.

HIC*ANn™ are displayed in Fig. 1, wher@z is a carbazole The samples having a free surface were also used to
chromophore. The cation and anion of the dye are in théneasure the effect of an external magnetic field gn The
form of an ionic pair, and their position relative to one an-magnetic field intensity produced between the two poles of
other is determined by the polarity of the medium. the electromagnet in a RE306 radiospectrometer was var-

The experimental samples were prepared either in théed in the rangdd =0—6 kOe. An optical arrangement with
form of structures having a free surface — quartz substratéber-optic cables was used in these measurements. To ana-
— PEPC+ 0.5-5 mol%HIC*An~ or in the form of a lyze the results, the ratiélp ={lp (H)—1p.(0)}/1p.(0),
sandwich structure quartz — SREPEPC+ 0.5-5 mol%  wherelp (H) andlp (0) are the intensity of photolumines-
HIC*An™—Al. The AMS films were prepared by pouring cence with and without a field, respectively, was calculated.

The optical spectra of the absorption coefficier} @nd
the photoluminescence intensityp() of the AMS films
were measured on samples having a free surface, using the

1. EXPERIMENTAL SAMPLES AND PROCEDURE

1063-7834/99/41(1)/4/$15.00 37 © 1999 American Institute of Physics
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6j=]ja/(j1t],) was calculated and the dependenceg,of
O O —Cz and 8] onE, Ay, andl; were determined. The ratio; and
N n; in photogenerated EHPs was estimated, just as in Refs. 5
(§H and 6, from the amount by whicldj differs from 1: if
| 2 8j>1 or §j<1, then photogeneration produces more singlet
[_ CH, —CH—0 —CH, or triplet EHPs, respectively. All measurements in the

n
present work were performed at room temperature.

C(Me),  (Me), C
Qg ™ e
N 2. EXPERIMENTAL RESULTS

| CH=CH— CH

- I e The electronic absorption spectra of the AMS PEPC
A“’ =B, 7, HIC*An~ in the wavelength range>400 nm have a nar-
FIG. 1. Structural formulas for the PEPC molecule and the dye moleculerOW intense band with vibrational structure on the short-
HIC* An-. wavelength edge of the spectruffig. 2). This band is char-
acteristic for polymethine dyes. As the dye concentration in
PEPC increases, absorption near the vibrational maximum
To determine the ratio of; andn;, besides measure- increases more strongly than near the main maximum, and a
ments of the effect of a magnetic field bs_we also use the bathochromic shift of the spectrum and a decrease of inten-
method proposed in Refs. 5 and 6 for determining the changgity are observed in the photoluminescence spectra. These
in photoconductivity of an AMS in the absorption region of features of the electronic spectra attest to the appearance of
the dopants with simultaneous photogeneration of triplet exH aggregates of dyes, absorbing light at shorter wavelengths
citons. It is known that triplet excitons catalyS-T con-  than nonassociated molecul@sSubstituting Ct and I~ for
version of EHPS:® For this reason, photogeneration of triplet An~! with BF, produces a hypsochromic shift of the elec-
excitons increases the photoconductivity due to the dissocidronic spectra.
tion of singlet EHPs in AMSs and decreases the photocon- All experimental sandwich samples exhibited photocon-
ductivity due to dissociation of triplet excitons. In the presentductivity when irradiated with\; light. The plots ofj, ver-
work, just as in Refs. 5 and 6, samples of the sandwiclsusE are linear in the coordinates IpgversusE'? (Fig. 3),
structure were irradiated with; light, and for exciton pho- the tangent of the slope angle of these plots being the same
togeneration the structures were irradiated with light withfor all samples. This makes it possible to repreggnas a
wavelengthh ,= 365+ 2 nm (the wavelength of tha, light  function of E by the analytical expression(E)~exp
does not fall in the absorption region dfC and lies near the X {—(Wypy— BEY?)/kgTess}, similar to the expression for
red absorption edge of PEPC, where efficient photogenerahe photoconductivity in AMS as a function & and T.31!
tion of triplet excitons occuf$. The intensity of thex, light Here Wypy is the activation energy of photogeneration at
was varied in the rangk,=0.05-0.2 W/nt with light fil- E=0; kg is Boltzmann’s constanfT ;s is calculated from
ters. When a sample was irradiated with or A, light, a the expressioﬁ'gflszfl—Tgl, whereT,=490% 20 K for
guasistationary photocurref or j,, respectively, was re- PEPC based AMSs. From the tangent of the slope angle of
corded. When a sample was irradiated simultaneously witlthe straight lines in Fig. 3 we find that the coefficient of
\; and X\, light, a quasistationary photocurrejy was re-  proportionality 8= (4.6+0.2)x10"° eV-V~Y2.m'2 and is
corded. To analyze the results, the ratio of the photocurrentslose to the corresponding values measured in other PEPC-

Pl

N ie
N

IPL

400 500 800 700
A,nm

FIG. 2. Optical absorption spectfa—3) and photoluminescence spectid—3) of the PEPC+ 1 mol % HIC"An~ films with the anion B (1, 1'), CI™
(2,2),and I" (3,3).
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FIG. 3. log, vesusEY in AI-PEPC + 1 mol % HIC*An"=SnQ  FIG. 5. 8l p, versusH for the PEPC+ 1 mol %HIC*An~ films with the
samples Vr\fri';h the anion BF(1), CI” (2), I” (3). L=1um, \;=546 nm, anion BF, (1), CI~ (2), I” (3). \;=633 nm.
I, =12 Win?.

and when an EHP dissociates the mobile hole chétige

based AMSs as well as to the theoretical value of the Pooleple |ocalization radius on a carbazole chromoph@® (n
Frenkel constant. PEPCa,=1.1 A" overcomes with high probability the

In samples with equal and the same absorbed light  Coulomb attraction of the delocalized electron. This mecha-
intensity, the density; for samples with CI and I" is sev-  nism of the influence of electron delocalization on the quan-
eral times higher than in samples with the BBnion(Fig.  tum yield of photogeneration of charge carriers was consid-
3). Measurements ofj versusk and\; established thadj  ered in Refs. 3, 14, and 15; it is especially strongly
decreases with increasirig and, for samples with Cland  manifested in AMSs where the photogeneration centers are
I substituted for B, but it increases with ;. Plots of 6] intermolecular charge transfer complexes. However, in the
versus\, are displayed in Fig. 4. An~ series studied herey, should be larger for BF than

Under our experimental conditions, an appreciable magfor |-, as follows from the values of the van der Waals
netic field effect onl p was observed only fok; =633 nm,  radiil® Therefore the electrostatic interaction energy be-
while for other values oh ; we were not able to distinguish tweenAn~ andCz* should increase in thAn~ series con-
the change irlp, in a magnetic field against the BEnoise  sidered and, therefore, the EHP dissociation probability
background. Figure 5 shows plots @&l versusH for should decrease.
A;=633 nm. AsH increases up téi=1 kOe, the intensity 2) For An~ in the series indicated, the effect of traps for
of the photoluminescence of PEPE HIC"An™ films in-  mobile holes decreases. Indeed, in all samples investigated
creases, whildp_decreases very little for $H<6 kOe.  with constan€ the current density; decreases with increas-
Such features of the effect &f on 15 ***show that, when ing L and k, as is characteristic for carrier-trap controlled
films are irradiated with\; light, a portion oflp is deter-  photoconductivity in AMSs. Such traps can be dye aggre-
mined by geminate recombination of the charges of singlegates in which the ionization energy of the upper occupied

EHPs. orbitals can be less than the ionization energy of the sample
orbital of the carbazole chromophoBz However, it is evi-
3. DISCUSSION dent from Fig. 2 that when th&n™ BF; is replaced by ClI

There are several possible reasons why the photocondufil-nd B th? !ntensity of the ;hort-wavelength a bsorption bapd
tivity of PEPC+ HIC*An~* films increases when Cland characterizing the absorption biyaggregates increases. This

|~ are substituted foAn~ BF, . We shall discuss the most indicates that the concentration &f aggregates in AMS
important ones 4 films is higher with I' than with BF; . Therefore the density
1) For An~ from the series indicated, the electron local- ©f N0I€ traps should be higher in AMSs with,Iwhich does

ization radius ) on the anion in a dye molecule increases, 'Ot agree with our experimental data. ,
3) For An~ from the series indicated, the density of

dissociating EHPs increases as a result of an increase in the
12 S—T conversion rate and the transition of singlet EHPs into
1 triplet pairs. The measurements 8f and 8l versusi;
andH for the An™ series investigate@Figs. 4 and b show
that such a mechanism of an increase in photoconductivity is
possible. According to Refs. 7 and 8, the decreas§jias
An~ changes attests to an increase in the fraction of disso-
ciating photogenerated triplet EHPs. Figure 4 also shows that
o] decreases withy;, so that the fraction of triplet EHPs

8j, » arb. units

T 1 1 1 increases with decreasing . The latter agrees with the re-
500 550 600 650 sults of previous investigations of the effect of a magnetic
Agnm field on the photoconductivity of doped AMS$? As the

FIG. 4. 5], vesus\, in A_PEPC+ 1 mol %HIC*An~—SnG samples photon energy in the absorption region of photogeneration
with the anion BE (1), CI~ (2), I” (3). L=1um, 1,=0.1 Win?, E=1.2  Centers increases, the probability of photogeneration of trip-
X 10° Wim. let EHPs increases. Evidently, for the same reason we could
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not observe an effect of the magnetic field op_ for  version rateksy, since oftenkst>kj,k, ,ks. For example,
A1<633 nm and we obtainedlp, curves only fori; for PEPC based AMSs, where the photoregeneration centers
=633 nm(Fig. 5. are intermolecular charge-transfer complexes or compounds

In nonpolar media, such as PEPC, polymethine dyes ar@ith intramolecular charge transfekg=10°—108 s,
found in the form of ionic pairs and their associattThe  k;=10°—10" s 1k, =10'—10° s, kz<10® s 1.3
dependence of the spectroscopic-luminescence characteris- According to the photoregeneration schefg in an
tics of 1-3 dyes in PEPC on the nature of the ar(iéig. 1) external electric field the mobile hole moves away from an
attests to the fact that these pairs are predominantly contaetectron localized o\n™. In a zero magnetic field the mag-
pairs. In such pairs, even a noncolor counterion is capable afetic interaction§*® and nonmagnetic spin-exchange
influencing the deactivation of their excited electronicinteractiond®?°of an electron and hole with the radiday e
statest® On the basis of the external “heavy” atom effect, in initiate S—T conversion of EHPs. For this reason, its rate
which the spin-orbit interaction increases in the halogen sedepends on the nature &n~. For photoregeneration of
ries from F to |, it can be expected to increase when the dy&HPs from a singlet excited stateDye™An™); of the dye,
1 is replaced by the dyes 2 and 3. In turn, this should in-an increase okgy with an appropriate substitution féxn™
crease the rate of singlet—triplet conversion of charged pairstimulates an increase in the density of triplet EHPs and an
and increase the concentration of long-lived triplet EHPsjncrease in the density of free charge carriers.
whose dissociation in an electric field gives rise to an in-
crease of the photoc_onductlvﬁfy. . 1A, N. D'yakonov, The Chemistry of Photographic Materialsjoscow

In summary, the increase in the photoconductivity of the (1989, 270 pp.
AMSs, investigated here, when then™ BF, is replaced by  *D. Neher, M. Remmers, and V. Cimrova, filectrical and Related Prop-
Cl~ and I is due mainly to an increase in the fraction of erties of Organic Solidsedited by R. W. Muss, Kluwer Academic Pub-

inlet EHP It of . ingheT . lishers, Netherland&1997), pp. 79-99.
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Rapid luminescence saturation of the Mn 2%+ 3d shell in the Cd ;_,Mn,Te dilute magnetic
semiconductor with a high manganese concentration
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The dependence of manganese-ion intracenter-luminescence intensity on optical excitation level
has been studied in the €¢dMn,Te dilute magnetic semiconductor with 8:4<0.7. It

is shown that the intracenter luminescence saturates due to effective nonlinear quenching already
at low excitation levels. Mechanisms are proposed which can provide nonlinear quenching

and offer a qualitative explanation for the temperature dependence of the luminescence saturation
in samples with different manganese concentrations.1999 American Institute of
Physics[S1063-783%09)01201-7

Spectroscopic investigation of dilute magnetic semicon-of energy transfer from nonthermalized Wannier excitons to
ductors(DMS), solid solutions of Group II-VI semiconduc- the manganesed3dions was studied, in particular, in the
tors with an iron-group magnetic component, and the correZn, _,Mn,Te wide-gap DMS. The dominant direction of en-
sponding low-dimensional systems, has been activelgrgy transfer in Cd ,Mn,Te is determined by the relative
pursued during the recent two decadsse, e.g., reviews magnitude ofEy(x) andE;, so that the interband exciton
Refs. 1-3. These materials are characterized by a high conluminescence decays rapidly &g increased above 0.4. The
centration of localized magnetic moments originating fromredistribution of emission between these channels can be af-
the unfilled 31 shell of iron-group ions. This results in strong fected not only by varying properly the solid-solution com-
ion-ion and carrier-ion exchange interactions causing gianposition but by external factors as wéthagnetic field, hy-
magnetic splitting of excitonic levels, the magnetic polarondrostatic pressuje which likewise change the relation
effect, and formation of antiferromagnetic pairs andbetweenE, and the Wannier exciton enerdy;g, which is
magnetic-ion clusters. close toE4 (x)."®

The most popular DMS compound is £gMn, Te due In crystals having a high manganese concentration stud-
to its good technological properties, the highest possibléed in the present work (04x<0.7), practically all MA*
magnetic moment of the manganese shell, and favorable ions are interconnected in an infinite cluster within which
parameters of the parent crystal CdTe. For magnetic companergy is transferred from one excited ion to another. This
nent concentrationx>0.4, the gap widthEy(x)=(1.55 transfer can be considered as motion of a Frenkel-type exci-
+1.5x) eV (at T=77 K) becomes larger than the threshold ton among lattice sites occupied by manganese ions. Excita-
energyE,=2.15 eV for the intracenter optical transitions in tion of a Mr?* ion reduces the @ shell moment to nearly
the Mr?*3d shell. This makes possible observation in theone half, which weakens substantially the exchange interac-
absorption spectrum of a band system corresponding to tration of the excited ion with free carrief§Vannier excitons
sitions in the manganese ion in a tetragonal crystal fieldand neighboring ions. Thus, if one succeeds in exciting a
These transitions from the ground st&i%; (S) to excited large enough fraction of the manganese ions by optical
states*T; (G), *T,(G), *A; (G), and*E (G) (Fig. 1) are  pumping, a noticeable photoinduced change in the magnetic
intercombination typethe 3d-shell spin moment decreases properties of the DMS will occur. This will affect, in particu-
from 5/2 to 3/2), and therefore the absorption coefficient inlar, the dynamics of formation and size of magnetic
the bands is one to two orders of magnitude smaller than thatolarons’ The decrease of the magnetic moment, produced
for transitions from the valence to conduction band, everby 3d-shell excitation and weakening the indirect exchange
with 50% Cd replaced by manganese. As a result of theénteraction, should act also on the rate of Frenkel exciton
relaxation in the excited M ion leading to considerable migration among the MiT ions. All this relates equally both
Stokes losses, the maximum of the broad’Mintracenter-  to bulk DMSs and to superlattices and quantum-well struc-
luminescence band lies near 2.0 eV, i.e., belewby 0.15 tures of the type CdTe/Gd,Mn,Te with a high manganese
eV. The kinetic studiés of this band established that the concentration in the barrier layers. These considerations have
decay timer, is about 2< 10~ ° s and exhibits foT<60 K a initiated the present study of the dependence of thé™Mn
frequency dependence within the band profile by increasingntraionic luminescence properties in £LdMn,Te on the
toward lower energies. level of optical excitation, both selective into the Kir8d

Thus there are two channels of light absorption andshell and above the interband transition edge. This depen-
emission in DMSs, the conventional interband type with thedence was found to be nontrivial in our earlier woPKkThis
Wannier exciton fixed tdg (x) and an intraionic ongin-  study may also help in understanding the photo- and elec-
volving excitation of the MA"3d shell with the threshold troluminescent properties of a broad class of 11-VI wide-gap
E,), between which energy transfer can occur. The processaterials activated by iron-group iofls.

1063-7834/99/41(1)/4/$15.00 41 © 1999 American Institute of Physics
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FIG. 1. Right — Cd4Mng,;Te absorption spectrum:
Mn?*3d intrashell transition band&A;—“T, and 6A;
—4T,, whose position is practically independent of man-
ganese concentration and temperature, and interband tran-

/ : sition edge. Left — CglgMing 4,Te luminescence spectrum:
gy ; 8 ; X
\ intracenter bandT,—5A; and the Wannier excitoR;.
- A% 4 Dashed arrow shows the structure of the Wannier exciton

E4s in the reflectance spectrum of gfing ,Te obtained
at 77 K, with the dotted arrow identifying the short-

Luminescence intensity,arb.units
Absorplion arbunits

—> wavelength shift of this structure with the temperature
lowered to 4 K. The solid arrow refers to the pump-
photon energy of the Nd :YAG-laser second harmonic.

) 1 1 ] i I ! 1
1.8 : 2.2 2.6 2.8
Photon Energy,eV
1. EXPERIMENTAL ers at defect or impurity levels, and a linear one for higher

pumping, where the impurity channel saturates. The signifi-

Cd;_Mn,Te crystals withx varying from 0.4 to 0.7 . i .
were grown by a modified Bridgman technique. The crystalsCance of impurity levels in Gd ,Mn,Te DMSs grown by

were pumped by the second and third harmonics of éhe Bridgman technique is supported by the efficient excita-
Nd®*:YAG laser with a pulse widthr.,=0.12us and pulse
repetition frequency of 1 kHz. The numbertof,=2.35-eV
second-harmonic photons in a pulse was ' and the 1.0
maximum excitation level was 5 kW/émA cw Ar ion laser
was used to probe luminescence at low excitation levels. The
luminescence was usually measured in the cw mode.

0.6
2. RESULTS AND THEIR DISCUSSION

None of the samples studied revealed any substantia
difference between the saturation curves obtained at differen
points within the MA* intraionic-luminescence band profile 9.2
in the 4—77 K interval, and therefore we shall present in
what follows data relating only to the maximum of the
2.0-eV band. Figures 2—4 display intraionic-luminescence
saturation curves measured on;CgMn,Te samples with
x=0.4, 0.5, 0.6, and 0.7 under pulsed excitation within a3 7.0
broad excitation-level rang&,, (second harmonjcat 4 and
77 K. The luminescence is seen to saturate in all sample:
excited by the third harmonic as wdlhoton energy 3.51
eV). Studies carried out under weak cw excitation show that  , »
the band saturates already &, on the order of a few
Wicn?,

For comparison, we measured the dependence of the in
tensity of exciton interband luminescence peakingaton
excitation level in a Cgl;MngsTe crystal, whereE;<E,
and, hence, there is no intracenter luminescence at all. A o
low pumping levels this dependence is superlinear, it be- 0 0.2 0.6 1.0
comes linear at higher excitations and does not change up t oz ,arb.units
the maximum value ol used in the experiment. Thus there
is no saturation of the interband exciton luminescence. Thi§!G: 2. Intracenter luminescence intensity of Mrions in Cd M sTe vs

pulsed excitation intensity by the Rit:YAG-laser second harmonic &)

result correlates with theory predicting superlinear depen77 K and(b) 4 K. Solid lines are plots of Eq1) with the 8 parameter equal

dence of interband |uminescence_ for weak exc_i.tat.ions Wh?ﬂ) 42(a) and 112(b), andJ,, normalized to unity. Thd.,=1 level in Figs.
one takes into account the trapping of nonequilibrium carri-2—4 corresponds to a pump density of 5 kWicm
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In Cd;_,Mn, Te with x>0.5, the maximum number of
7.0 Mn?* ions that can simultaneously reside in excited state can
be readily estimated because one knows the ion concentra-
tion (10?2 cm™3), the absorption coefficient in the manga-
nese bands at the pump frequency{ &t ?1), the lifetime
of the Mr?™ ion in excited stater, and the characteristics of
optical excitation(when operating in the pulsed regime, one
knows the number of photons per laser pulse, whose duration
is much shorter tham,, and the pulse separation which ex-
ceeds substantially,). The @ parameter for CglsMng 4Te
has a different meaning, namely, it characterizes the effi-
ciency of the process consisting in the excitation of interband
transitions with subsequent transfer of this excitation to the
Mn?* jons. Estimates show that even if every absorbed pho-
ton is expended in the final count in promoting the?Vlrion
from the ground to the!T;(G) excited state, saturation
should be observable already after only a small fraction of
the manganese ions present in a crystal layer abobtthick
FIG. 3. Intracenter luminescence intensity of Mnions in Cd_,Mn,Te have become excited.
with x=05,0.6, and 0.7 vs pulsed excitation intensity by the Luminescence saturation at low excitation levels can oc-
Nd®*:YAG-laser second harmonic at 77 K. cur if, as a result of inhomogeneous broadening, monochro-
matic light excites selectively only a small fraction of ions,
tion at low temperatures of luminescence, both intracentefd Migration of the excitations is strongly limitéaelow 60
and interband, ix=0.4 samples by a helium-neon laser with K+ @ Frenkel exciton can change during its lifetime only two
photon energy of 1.96 eV, which is lower tha® and or three site$. In Cdl,XMqXTe solid .solutlor_\s withx fro.m
Eg(0.4).8 Under such excitation, the dependence of the .4 to 0.7, random poteptlals associated with fluctuations of
Wannier exciton luminescence intensity dg is quadratic. 0c@l values ofx and various defects should produce a no-

. . . 2
Because,, is too low to produce two-photon excitation, this ficéablé inhomogeneous broadening of the Mrevels. In

experimental result should be interpreted as two-stage excprinciple, all this assumes selectivity of excitation and its
tation of electrons and holes through impurity levels. efficient localization. The complex systems of excited?¥n

As seen from Figs. 2—4td@ K the Mr?* luminescence levels split by the exchange and crystal fields, however,
saturation sets in the fastest in the=0.4 sample, while ©OVerlap strongly for ions acted on by different local fields.
within the 0.5<x<0.7 interval the saturation occurs more Moreover, the phonon-initiated migration of excitation

slowly and depends only weakly on Heating up a sample 2MONg manganese ions in £gMn,Te becomes strongly
enhanced above 60 which, if considered within the above

from 4 to 77 K slows down strongly the luminescence satu- - . ) X

ration for x=0.4 while accelerating it for=0.5—0.7. pondltlons of raplq saturation, shou.ld favor |t§ tempe.rature-
induced suppression. At the same time, experiment yields an

opposite result, namely, for all samplegexcept

] l Cdy gMng 4Te, which will be dealt with later gnsaturation at

! ! 1.0 77 K is much more efficient than that at 4 K.

Saturation of the MfA" intraionic luminescence can re-
sult from nonlinear quenching by the following sequences.
After the already excited ion has captured one more Frenkel
exciton, its energy is expended in raising the ion to a still
higher excited state, thus reducing the quantum yield of the
luminescence in the 2.0-eV band. This assumes a faster lu-
minescence saturation at high temperatures, where the migra-
tion of Frenkel excitons is strong. Another possible mecha-
nism involves absorption of the second photon by an already
excited Mrf* ion during a laser pulse. Here the high oscil-
lator strength of the dipole-allowed optical transition from
0 the excited*T, (G) state to a still higher state may become
N an important factor. In this case the photon-capture cross

% AN 0.6 section by an excited ion exceeds by far that by an unexcited
50~ 0 o.Jz qu-“m'ts ion involving an intercombination transition from the ground
ex’ state®A; (S) to G-type excited states.
FIG. 4. Intracenter luminescence intensity of ¥nions in Cd_,Mn,Te ConSIder_nOV\_/ th_e rela'_uon descrlblng the SaFuratlon of
with x=0.5,0.6, and 0.7 vs pulsed excitation intensity by the Manganese intraionic luminescence with inclusion of the
Nd®*:YAG-laser second harmonic at 4 K. mechanisms of its nonlinear quenching. During a laser pulse
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Tex< T lONQ, the excited manganese-ion concentratian- with the threshold of the M 3d intrashell transitions.
creases Cooling Cd_,Mn,Te from 77 to 4 K practically does not
dn/dt= ado/hvg. fa\ffect the position of the intraionic gbsorptipn bands, H?yt
increases. As a result, the Wannier exciton leigl in
At the end of the pulse, the excited-ion concentrationCd, sMn, ,Te shifts from the low-energy edge of the first
becomes absorption band of MiT toward its maximurr(Fig. 1). The
density of Mrf* electronic states at the new positionf,
is substantially higher, which accelerates resonant energy
After the end of the pump pulse, i.e., starting from the mo-transfer from Wannier excitons to Mn ions. It is this factor
mentt= 7, the ion system begins to relax to ground state that is apparently dominant, and saturation of intracenter lu-

No= aTedex/Nvg .

dn/dt=—wn—qn?, !”ninescence in GMng 4Te is achieved faster with decreas-
ing temperature.
W= (1/ro+wWqg) . In samples with 0.5:x<0.7, E, (x) >hw,, which makes
Here the rate of linear relaxatiomis a sum of that of radia- Possible direct excitation of the I\ﬁﬁSd intrashell transition

and for which case the excitation efficiency is only weakly
temperature dependent. At the same time the temperature-
induced enhancement of Frenkel-exciton migration among
jnanganese ions makes their encounter with already excited
é\/ln“ ions more probable, thus accelerating the lumines-
cence saturation. As for the concentration dependence of the
saturation rate of the Mii luminescence within the 0s5x
<0.7 interval, it is determined by such concentration-
n(t)=wexp(—wt)/g[(w/gqny+1) dependent factors as the rate of excitation migration among
X X —Wrey) — exp(—wi)] . manganese iqns and the magnitude of the solid-solution fluc-
tuation potentials.
Because the linear relaxation rate is not faster thap, 1/ Thus the most probable reason for the Mrumines-
it is in order of magnitude not less than®1§ ', i.e.,Wre,  cence saturation observed in CgMn,Te DMSs with x
<1, so that exp{wry,) differs very little from unity. Inthe  =0.4-0.7 is the nonlinear quenching associated with migra-
cw mode of luminescence measurement, one determines ejon of Frenkel-type excitons and photon absorption by al-

tive recombination 4, and of nonradiative relaxatiow,,
which is determined, in particular, by the probability for a
Frenkel exciton migrating among the Kinions to encoun-
ter the quenching centers, such as iron ions etc. Parapete
determines the efficiency of nonlinear quenching by abov
mechanisms. Setting as the initial conditinfj_,=n,, we
have

perimentally an integrated value proportional to ready excited manganese ions. The experimentally observed
w0 very rapid saturation of the M luminescence in DMSs
f n(t)dt=q tin(1+qny/w), requires a comprehensive analysis of the efficiency of the
0

above mechanisms.
and, thus, the dependence of the luminescence intensity on
excitation level can be written

I=do ln(1+'B‘JeX) ! (1) YThe energy level system of the KIi3d shell and its optical manifesta-
where 8= aqny/whv, is a parameter characterizing the lu- tions were studied comprehensively in the weakly-doped Zn&Mvide-
minescence saturation rate. Figure 2 compares the experidaP semiconductasee, e.g., Refs. 11 and )12
mental data on luminescence saturation with relafirus-
ing B as a fitting parameter.

Consider now in more detail the difference between the, , .

%=0.4 andx=05-0.7. F ~05. th dh O. Goede and W. Heimbrodt, Phys. Status Solidi45 11 (1988.
cases ox="1.4 anox=">.o= 9. 1. ForX=1.5, IN€ SECONA NAr 25« Furdyna, J. Appl. Phy4, R29(1989.
monic of the Nd*:YAG laser excites only Mfi*3d in- 3p. A. Wolff, Semiconductors and Semimefa\ol. 25, edited by J. K.
trashell transitions, because the photon endrgy is less 4Furd)(na and J. Kossiicademic Press, London, 1988
than the energ§, (x) of the interband transition and of the (El 9'\5’;';"9“ W. Gebhardt, and V. Gerhardt, Phys. Status Solidili3 209
associated Wannier-exciton leve{s. Forx=0.4, however, sy £ agekyan, Yu. V. Rud’, and R. Schwabe, Fiz. Tverd. Télanin-
E,s becomes approximately equal i, and both these en-  grad 29, 1685(1987 [ Sov. Phys. Solid Stat29, 970(1987)].
ergies are less thamv, so that light will now directly pump jD- Some aknd A V. Nurmikko,dngS- Rev. 48, 4418(1993-d T

; ; i ; _'V. F. Agekyan, Fan Zung, and S. V. Pogarev, Fiz. Tverd. Teknin-
predc_:mmantly_ t_he |nterband transitions, fqr which the ab grad 29, 3312(1987 [Sov. Phys. Solid Stat2, 1900(1987].
sorpnon_coefﬁc!eqt is two o_rde_rs of ma_gmtude larger thansy, £ agekyan and Fan zung, Fiz. Tverd. Teleeningrad 30, 3150
that for intraionic intercombination transitions. Under these (1988 [Sov. Phys. Solid Statg0, 1812(1988].
conditions, Wannier excitons will form in a thin near-surface Q?i ?l-g\;%kowev and K. V. Kavokin, Comments Condens. Matter Pis.
laye_r’ and they will promote manganese ions tOAt'ﬁg(Q) 0F, F, Age-ktan and Fan Zung, Fiz. Tverd. Tél@ningrad 27, 1216(1989
excited state through resonant energy transfer. The inversgsoy. phys. Solid State7, 732 (1985].
process cannot operate because of the fast energy relaxatigv. Busse, H.-E. Gumlich, B. Meissner, and D. Theis, J. Lurdi&¥13
of this excited state to equilibrium in a time of the order of 12393;(1275-|_ . 3. Lumin23, 73 (1982
10~ s (the Stokes lossgsAs seen from Fig. 1, the Wannier '+ 2HMHem & Lumines, :

exciton level in ourx=0.4 sample coincides exactly at 77 K Translated by G. Skrebtsov
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According to a recent analytical review, the stream ofl. EXPERIMENTAL TECHNIQUE AND SAMPLES
papers on porous silicon is comparable to that on the funda-
mental problem of high-temperature superconductivifjis The experimental samples were free films of porous sili-
is due in no small part to the “inexhaustibility” of this ma- con, less than 1 cm in width, secured in a rigid plastic holder.
terial, whose unusual properties are of interest for the mosthe samples were obtained by etchja@0] wafers ofn-type
diverse disciplines in physics, chemistry, and technology. silicon with resistivity 0.015-0.0250Q/cm in a 1:1 mixture

The present paper calls attention to another group off 38% hydrofluoric acid and absolute alcohol, using anodic
properties of this material that investigators have essentiallpias of the sample relative to the etching solution and simul-
ignored up to now — the magnetic properties of porous gjli-taneously iIIumir'lating with light from a halogen Iz_imp the
con (PSi). Only a few works on this subject exist. As hap- sample undergoing etchlng. The etch current density was 75
pens for porous silicon, the authors of the various works"A/CT. The current density increased by an order of mag-
arrive at opposite conclusions. This is understandable in thdttude after 6—10 min of etching. This caused the free film of
the general term “porous silicon” encompasses the entird0rous silicon to separate from the parent crystal. The
class of materials which differ among each other not only byS@mples were of the order of 0.05 mm thick, which gave an

the composition and the characteristics of quantum-size elgPtical transmission of about 1/3, close to the optimal VaJS‘\Je
ments(“wires” ) but also by the structure and the topology for Faraday rotation experiments, at wavelength 6328 A .

of the material at the mesoscopic level. However, disagreeThIS same value, 0.05 mm, was used to estimate the relative

ments should not serve as a basis for rejecting the investigsﬁgt‘f’mon of the plane and the polarization in the experimental
tions. PSi samples.

The result of two works suggest thasi and its closest A block diagram of the apparatus used to investigate the

analog, obtained in an electric discharge, possess SpeciE]agnetlc rotation of the polarization plane is displayed in

. . . Ig. 1. The light source wsaa 2 mW He—Ndaser(1) with an
magnetic properties. In the first one a SQUID magnetometer :.". . - L
. . additional light polarizer2). A 3.8 kG magnetic field was
was used to detect a magnetic moment and hysteresis 0 ; .
o .. S produced with a laboratory electromagii&), whose design
magnetization ofPSi in an external magnetic fiefdIn the ; . 1 . . .
d ic field d q th ch eri tmade it possible to transmit light along the field lines into the
second one a magnetic field dependence With characteris ap. The signal corresponding to the angle of rotation of the
hysteresis was observed in the intensity of luminescence f

dificati £ il treated with K dischaddh olarization plane was detected using a differential scheme,
a modification of silicon treated with a spark dischargene thereby eliminating spurious signals due to the variation of

d|fferer-10e betvyeeq the samples ar.1d- the frggmentary natufge intensity of the laser. After passing through the sample
of the information in Ref. 3 make it impossible to anglyze (4), the light beam passed through a special polarizing prism
the results of Refs. 2 and 3 and to compare them with oufg) 1t split the beam into two beams polarized orthogonally
experimental results. However, these works motivated thg i, respect to one another and at an angle of 45° with
present investigation, and taken together with our work theyegpect to the initial beam. The rotation of the polarization
provide sufficient proof that porous silicon possesses NoMp|ane in the sample increases the intensity of one beam and
trivial magnetic propertiefWe note that at the same time in gecreases the intensity of the second beam. The difference
a large number of works, including in works specially de-electric signal proportional to the rotation angle was ex-
voted to this question, for example, Ref. 4, no peculiaritiesracted off the diagonal of the bridge, where two photodetec-
were found in the magnetic propertiese§i.) tors (6, 7), which recorded the intensity of each beam at the
Our choice of the Faraday effect for characterizing theexit of the splitting prism, were connected. The detection
magnetic properties d¥Si is due to the fact that this effect is sensitivity to the rotation angle for transparent samples was
more directly related with magnetization than is the lumines-10~* rad.
cence intensity and, at the same time, in contrast to SQUID, The samples could rotate in the gap between the poles.
it excludes the detection of magnetic moments of ancillaryThe rotation axis was also the direction of polarization of the
particles and adsorbates. transmitted light. This reduced the possible depolarization

1063-7834/99/41(1)/3/$15.00 45 © 1999 American Institute of Physics



46 Phys. Solid State 41 (1), January 1999 Kompan et al.

)
5 4 3 1000 +
Q
7 % 2 7 s
G, I
8 N =
5

70 g
L 600}

e

-
FIG. 1. Block diagram of the apparatus for measuring Faraday rotatien. E i

He—Ne laser2 — polarizer,3 — electromagnet4 — sample,5 — polar- =
izing prism—beam splitte,7 — photodetectors3 — differential ampilifier, 5 o

9 — magnetic field sensof,0 — detection unit. 3

accompanying rotations of the sample to a minimum. The  200f
experiments were performed at room temperature.

2. EXPERIMENTAL RESULTS AND DISCUSSION 0

The experiments showed the existence of a substantie
Faraday effect in the experimental samples of porous silicon 2 deg
The signal due to the rotation of the polarization plane with
normal incidence of light on the film in the range of fields FIG. 2. Rotation anglex of the polarization plane in a 3.5 kG magnetic field
employed corresponded to a Verdet constant of 0G-Em. versus the rotgtion angle of th(_e‘sample relgt!ve to the directior_1 Qf the field
A saturated solution of iron chloride has a comparable Ver_llnes for free films of porous silicofl — PSi film No. 1,2 — PSi film No.

’ 2) and a fused quartz plateurve 3).

det constant — 02G-cm (Ref. 6. The rotation angle de-
pended linearly on the applied magnetic field.

The dependence of the Faraday rotation on the rotation The anomalous polarization dependence could be due to
angle of the sample was unusydéviations of the normal to a superposition of diamagnetic and ferromagnétic para-
the surface from the direction of the magnetic field linéds  magneti¢ mechanisms. It can be shown that if the Faraday
shown in Fig. 2, for porous silicon the signal decreases to theotation of the material is due the sum of the diamagnetic and
noise level of the apparatus for rotation angles of the samplgagnetic contributions and if the Verdet constants of these
of the order of 30°. At the same time, the same dependenggontributions have different signs, then for some angle of
for a standard diamagnetic material is of a completely differ+otation of the sample in a field the diamagnetic and mag-
ent character: The rotation signal from the quartz plate evenetic contributions should compensate one another. This is
increased somewhat as the plate turned in the field. Thugasy to understand qualitatively. As explained above, even a
two facts — the substantial magnitude of the effect and thénigh magnetic permeability is not manifested for light inci-
anomalous angular dependence — are unusual and requigient in the normal direction. As the film rotates, the field in
explanation. the film plane starts to increase, since the magnetic perme-
ability in the film plane is high. However, for small angles of
rotation this is not manifested in the Faraday effect, since on
account of refraction the light will propagate in the film in a

Since the experiments were designed from the onset tdirection almost normal to the surface and the component of
obtain independent data on the unusual magnetic propertigse light in the direction of the field will be almost zero.
of porous silicon, and taking account of Refs. 2 and 3, it isHowever, at some angle of rotation of the sample the para-
natural to attempt an interpretation of the results in terms ofnagnetic and diamagnetic contributions will be almost equal
the magneto-optics of a ferromagnetic material. in magnitude. For a diamagnetic material whose magnetic

All the basic facts of this paper can be easily interpretedoermeability is isotropic and close to 1 there should be no
in these terms. The linear dependence of the rotation angkuch effect — as is observed experimentaiyg. 2).
on the intensity of the applied field is a shape effect: In a  The assumption used in the explanation that the signs of
field applied in a direction normal to the film surface, thethe Verdet constants are different for the dia- and paramag-
effective magnetic permeability of a thin film should be 1. netic(ferromagnetit contributions corresponds to the typical
This means that for such a film the characteristics of thesituation — see, for example, Refs. 5 and 6.
magnetization in the normal direction will be the same as for =~ We emphasize that we cannot draw any conclusions
a nonmagnetic material, as was observed. The quite larggbout the observation of ferromagnetismP8i on the basis
Faraday rotation is probably due to the concentration of magef our experiments. Our data show only a substantial Fara-
netic centers. day effect with a Verdet constant of the order of §/@cm

3. DISCUSSION
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and a substantial magnetic permeability in the film plane. *E-Mail: kompan@solid.pti.spb.su
In summary, a magneto-optic Faraday effect was ob-
servgd in films of pOI’OUS_SIlICOﬂ. A number OT CharaCter_'SUCS Lvera Parkhutic, ininternational Conference on Porous Semiconductors.
of this effect can be easily explained assuming that this ma- Extended Abstractsviajorka, 1998, Abstract P2-23, p. 232.
. . . . 2 H H
terial is ferromagnetic. Together with the results of Refs. 2°R. Laiho, E. Lahderanta, L. Vlasenko, and M. Afanasiev, J. LurGif.
and 3, this would seem to be quite probable. However the;197 (1993.

’ . - q ) p. : o ) R. E. Hummell, M. E. Stora, N. Shepherd, and S. Yu.]riternational
many works in which no magnetism in porous silicon was Conference on Porous Semiconductors (PSST-98). Extended Abstracts,
observed should not be overlooked. More complicated mod—[lgal\‘()”;ay 199;" fbs,t:raﬁ,t 0-42, P-N76k n 4R, Soret. Aopl. Ph

. . . . Y. Perry, F. Lu, F. Namavar, N. Kalhoran, and R. Soret, . S.
els, not requiring any assumptions about ferromagnetic or- “. ¢ 3517(19;2 v PPl Y
der, for interpreting the experimental data are possible. How=p. |. Sivukhin, Optics Nauka, Moscow(1985, 751 pp.
ever, it is clear from the existing results that the magnetic°G. W. C. Kaye and T. H. LabyTables of Physical and Chemical
properties of porous silicon are not trivial and require further Constantdtondon, 1941; inostr. Lit., Moscow, 1949299 pp.

study. Translated by M. E. Alferieff
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The results of an investigation of the electronic structure of lithium tetraborate crystals using
experimentalx-ray photoelectron spectroscopgnd theoreticalquantum-chemical

modeling methods are reported. The experimental spectrum of the valence-band states of the
crystal lies 2—15 eV below the Fermi level and is due primarily to boron-oxygen groups

(B4Og). The quantum-chemical calculations were performed self-consistently, using the standard
variant of the scattered-wave method in the model of a cluster embedded in a lattice of

point charges. The data obtained on the partial contribution of the model densities to the one-
electron spectrum of thgB,0q]° cluster make it possible to interpret the fine structure

of the experimental spectrum of the valence-band states1989 American Institute of Physics.
[S1063-783@9)01401-X

Lithium tetraborate LiB,O; (LTB) possesses a combi- The XPS investigations of freshly cleaved samples were con-
nation of physical properties which are important for practi-ducted in an ESCALAB MK Il spectrometer using a non-
cal applications, and it finds wide application in various monochromatic MgK «; , source. The vacuum in the ana-
fields of science and technology. For example, it is a promiyzer chamber was maintained at T0Pa. The binding
ising material for piezotechnology, acoustoelectrofiefid  energy was determined to withit0.1 eV. The electric
nonlinear optics.In addition, Mn- or Cu-activated bB,O;  charging of the surface of the samples was estimated accord-
crystals are widely used as tissue-equivalent thermolumine$ng to theC 1s (284.6 eV} line.
cence dosimeters.Their undisputed advantages are high ~ The guantum-chemical calculations were performed
radiation-optical hardness, wide transmission band, and M&g|f.consistently on the basis of the standard variant of the
chanical strength. Investigations of the electronic structure of.attered-wave methdih the model of a cluster embedded
LTB_are_ a topical problem which is important_for practical in a lattice of point chargefs.The embedding Coulomb po-
applications, because the fundamental properties of LTB thahiia| was constructed taking into account the translational

are responsible for the characteristic processes leading to the - - ot the entire crystal. The exchange potential was

dissipation of excitation energy and nonlinear-optical phe—Chosen in a local form in accordance with the exchange-

nomena are still not completely understood.. At the presenchrreIation energy density proposed in Ref. 7. The radii of
time only isolated works on the electronic structure of

L . the muffin-tin spheres touched one another, and the outer
lithium tetraborate exist. » .
S . sphere was chosen from the condition that the muffin-tin
Our objective in the present work is to study the elec- h £ th heral | f the cluster touch. Si
tronic structure of LjB,O; crystals using experimentak- spheres ot the peripheralions ot In€ cluster touch. since we

ray photoelectron spectroscopy — XP&nd theoretical were interested o_nly in the filled states, the localizing potgn-
(quantum-chemical modelifgnethods. tial was chosen in the form of a Watson-sphere potential,

whose charge was equal in magnitude and opposite in sign to
that of the cluster. Harmonics up to=1 for the inner ions

1. EXPERIMENTAL OBJECTS AND METHODS of a cluster and_=4 for the outer sphere were included in
The Li,B,O; crystals were Czochralski grown from sto- the partial-wave expansion.
ichiometric melt using up to 200 chmplatinum crucibles. Lithium tetraborate crystals belong to the space group

After the recrystallized reactant of pure-gradeBjO; and  41cd and possess 104 atoms per unit cell. The main crystal
the required holding period, the temperature was lowered tgnotif of LTB are boron-silicon complexes (Bs), consist-

the melting point 917 °C. The crystals were grown on seed#g of two planar trigonal (Bg) and two tetrahedral (B£)

with different orientation and a pulling velocity of up to 3 groups. The lithium atoms are localized at interstites.
mm/day and rotational speed of the order of 20 rpm. For a The debatable aspect of the cluster model is the choice
15-day growth period, the typical dimensions of theBjO;,  of a cluster. The anionic groy®,0,]°®~ (Fig. 1) was cho-
crystals were 35 40 mm in diameter and up to 70 g in mass. sen as the fragment modeling the ideal crystal; the coordinate

1063-7834/99/41(1)/3/$15.00 48 © 1999 American Institute of Physics
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FIG. 1. Basic crystallographic motif of an4B,0O; crystal — boron-oxygen 1 Vi . ”
complex (B,Oy). -35 -25 -15 -5 §
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origin was placed on the @) atom. The model cluster pos- 0¢) .'“"... S g 04w 'g
sessed locaC,; symmetry. In a previous work, we obtained \ Ny % pA o -~
satisfactory results in calculations of low-symmetry clusters o T SN
[ ]

in oxide crystals. This was the methodological basis for us- 3 :V

ing a cluster model in the present case. In Ref. 10 it is shown Z :ﬁ & !
that lithium in LTB crystals stabilizes the framework struc-

ture of the crystal, and its makes only a negligible contribu- d
tion to the formation of the valence bafB) of the crystal.

® o o e
This justifies the choice of 8,041~ cluster to describe the . './No
..
[ ]
[

structure of the valence-band top.

o N
[ ]
2. RESULTS AND CONCLUSIONS r.—_J \____
e

The XPS spectrum of LB,O; crystals is displayed in
Fig. 2a. It consists of two subbands. The band with three )

Y 9
characteristic peaks 2—-15 eV below the Fermi endegy B(1) B(2) 3 ‘:.
corresponds to the VB states of the crystal. The peak near 25 i"'. o
eV belowE; corresponds to Oquasicore states. We also ] <
obtained the values of the binding energies of the core levels -
557, 192.4, and 5318 eV for LislB 1s, and O & —wm= - St

respectively. The XPS investigations of the surface layer of s 10 E.eV K 0.

LTB (3—5 nm), including using ionic cleaning of the surface ?

layer, showed that the elemental composition found from thesIG. 2. X-Ray photoelectron spectrum of,Bij,O; (a), model one-electron

ratio of the core lines, taking account of the photoionizationdensities of states of[@8,0,]°~ cluster(b), O(1) and Q4) atoms(c), O(2)

cross sections, agrees with the formula composition. Analy2"d @3) atoms(d), and B1) and B2) atoms(e).

sis of the data on elemental composition and on the binding

energies of the core levélsshows that there are no com-

pounds of a nonstructural character in the surface layer. shape of the density of states obtained in the cluster calcula-
Let us analyze the computational results for the singletion is due to the existence of different types of oxygen

electron energies of the molecular orbitals of ByOg]®~ bonds (2 molecular orbitals of ther and o type, bonding

cluster in comparison with our XPS dafgig. 29. The total and antibonding which form with different angular depen-

and partial model densities of states of B,O,]®~ cluster  dences of the wave functions of B,Og]°~ cluster and non-

are presented in Figs. 2b—2#e results shown included a equivalence of oxygen atoms in a clustiErur nonequivalent

Gaussian modification of the linewidthThe computational positions. Evidently, the presence of several peaks in the

results agree satisfactorily with the experimental data orXPS spectrum of the VB states in the crystal can be ex-

both the shape and energy position of the lines. We shafplained by both the crystallographic and specific crystal-

analyze separately the band in the XPS spectrum in the ewhemical role of various oxygens in the formation of the

ergy range 2—15 eV belo®; . This band belongs to the VB framework structure of the crystal as a wh&lélhe oxygen

of an ideal crystalFig. 29, peaksA, B, andC). We shall atoms @2) and (3) in the complex (BOy) join each B1)

perform the analysis in comparison with the partial contribu-triangle with two B2) tetrahedra, which have an(9) atom

tions of the VB states for the clusteB,0g]®~ to the result- in common. The structural complexes form a framework

ing single-electron spectruiirig. 2c—2¢. The complicated structure by generalization of the(D) atoms. According to
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the data presented in Fig. 2d, thé2pand Q3) atoms have tal as a whole make substantially different contributions to
similar partial densities of states and make a large contributhe density of states of the crystal.
tion to the formation of the peak in the valence ban¢Fig. This work was supported by the program INCO CO-
2a and 2b. The partial densities of states presented in Fig. 2°°ERNICUS (Grant IC15CT960721 and Grants 98-03-
attest to a large contribution of(D atoms to the formation 33195a from the Russian Fund for Fundamental Research.
of the peakB and Q4) atoms to the peak in the valence We are grateful to M. V. Kuznetsov and O. |. Yakovleva
band. It should also be noted that according to our data théor assisting in this work.
boron atoms make only a negligible contribution to the for-
mation of the VB of the crystal.
Thus, the following conclusions can be drawn from our
experimental and theoretical investigations of the electronie———
structure of the lithium tetraborate crystals. 1A, S. Bhalla, L. E. Cross, and R. W. Whatmore, Jpn. J. Appl. PBgs.
1) The x-ray photoelectron spectrum of the VB of the Suppl. 242, 727(1985.
LTB crystal lies 2—15 eV below the Fermi level and is due 2R. Komatsu, T. Sugawara, K. Sassa, N. Sarukura_, Z. Liu, S. Izumida, Y.
. . . Segawa, S. Uda, T. Fukuda, and K. Yamanouchi, Appl. Phys. EZ6tt.
primarily to the boron-oxygen groups £8g).The XPS in- 3492 (1997,
vestigations showed that there are no compounds of non3p. R. vij [Ed], Thermoluminescent Material®TR Prentice-Hall, Inc.
structural character in the surface layer; the elemental cong}:g\i}), éifaﬁp'\(a 0. Dovgi and 1. V. Kityk. Fiz. Tverd. TeldLenin
position is |d_ent|cal to the formula comp05|t|on. The XPS gra{d a1 275'(198'9 [éov. glhys. Sofid Sta)t/ai 16'34(198'91
spectra obtained reflect the electronic structure of thesy i jonnson, Adv. Quantum Cher, 143 (1973.
Li,B,0O; single crystal itself. 6A. B. Sobolev, A. Yu. Kuznetsov, I. N. Ogorodnikov, and A. V. Kruzha-
2) The calculations performed agree well with the ex- lov, Fiz. Tverd. Tela(St. Petersbung36, 1517 (1994 [Phys. Solid State
perimental data from XPS investigatiqns. Thi§ shows thza_t%t.‘"lfz\%iig""a'_ Wilk, and M. Nusair, Can. J. Phys8, 1200(1980.
cluster models based on the local density functional approxiss v. Radaev, L. A. Muradyan, L. F. Malakhova, Ya. V. Burak, and V. I.
mation can be used in theoretical investigations of the elec- Simonov, Kristallografiya34, 1400 (1989 [Sov. Phys. Crystallogr34,
tronic structure of th-is crystal. - — gi%%(ﬁ%gft?z]ﬁetsov A. B. Sobolev, A. N. Varaksin, and O. A. Keda, Phys.
3_) _The data obtained on the partial contribution of model ¢ &'c i B204 701(1997. ' ’
densities to the one-electron spectrum of the clusterr . French, J. W. Ling, F. S. Ohuchi, and C. T. Chen, Phys. Rev4,B
[B,Og]®~ permit interpreting the fine structure of the experi- 8496(1991.
mental spectrum of the VB states. Specifically, it can beﬂv. I Nefedov,Handbook of X-Ray Spectroscopy of Chemical Compqunds
concluded that anions playing a specific crystal-chemical KMMya: Moscow(1984, 256 pp.

role in the formation of the framework structure of the crys- Translated by M. E. Alferieff
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A phenomenological theory of quasiequilibrium states of solid solutions with at least three
components is constructed under the assumption that the atomic mobilities of the components
differ in order of magnitude. The short-range parts of the interatomic interactions are

taken into account by introducing atomic self-volumes. The long-range parts of the potentials are
taken into account in the effective-field approximation. The equations for the quasi-

equilibrium components in the solutions are derived neglecting the mobility of the least mobile
component. It is shown that, for a nonuniform distribution of this component, the
nonequilibrium critical temperature ceases being unique within the sample and acquires a local
character. In consequence, opposing processes occur in the system in the temperature

interval betweerm"" and T¢'® — homogenization in some sections and formation of interphase
boundaries in others. €999 American Institute of Physid$$1063-783%09)01501-4

Real physical systems of the solid solution type are, as af the possible differences between the self-volumes of the
rule, strongly nonequilibrium. Specifically, nonequilibirum componentgvolume effects — on account of these differ-
in solid solutions occurs if the maximum relaxation time in ences the concept of a crystal lattice and the probability of
the system is longer than or of the order of the time elapsedccupation of lattice “sites” by different components be-
from the moment the thermodynamic conditions havecome poorly defined. Correspondingly, the method of static
changed. In this respect the intermediéteasiequilibriunp  concentration waves, which was proposed in Ref. 4 in the
states of solid solutions with more than two components ar@bsence of volume effects in homogeneous solutions, needs
of interest. A characteristic feature of multicomponent soluto be generalized. The extension to the case of inhomoge-
tions is the hierarchy of atomic mobilities of the various neous solutiongneglecting volume effectsvas done in Ref.
components:? For an N-component system this makes it 5 (see also Ref.)6
possible to introduce a set of characteristic times 7,
..., Tn—1, Playing the role of relaxation times and related by
a system of inequalities of the formy<7m,<<...<71y_1.
The Significance of these characteristic times lies in the fOl'l_ GENERALIZED LATTICE MODEL AND EQUILIBRIUM
lowing. STATES OF SOLUTIONS
The process whereby the system passes from a nonequi-
librium into an equilibrium state occurs in stages. First, the ~ We shall assume that the interatomic potentials in con-
distribution of the two highest-mobility components evolves,densed systems can be divided into two parjsa ahort-
making their chemical potentials constant in space.7,die  range repulsive part, preventing atoms from approaching
the corresponding relaxation time. The less mobile compoelose to one another and taken into account below by intro-
nents play the role of a “medium.” At the next stage with ducing atomic self-volumes;, and b a long-range part,
characteristic timer, the evolution of the thirdwith respect  which can be taken into account in the mean-field approxi-
to the mobility component must be taken into account. Themation.
first two components, having the highest mobility, likewise Such a phenomenological separation of the potentials
become redistributed, their chemical potentials remainingnto long and short ranges was evidently first introduced by
constant in the process, while the less mobile componentgan der Waals in his famous equation of state. The correct
continue to play the role of the medium, and so on. first-principles separation for one-dimensional model sys-
We shall call quasiequilibrium states of the system thoséems was done in Refs. 7-9.
states in which some components are distributed in space so Following Ref. 3, we introduce the local particle-number
that their chemical potentials are constant. Only some conddensity n;(r) and the self-volumew; of a particle
tions of thermodynamic equilibrium are thereby satisfied in(i=1,2, . ..,m, wheremis the number of components in the
quasiequilibrium states, specifically, the conditions that carsysten). If the self-volumes of all components of the system
be reached in a relaxation time shorter than the time elapseate the same, then it is possible to introduce the idea of a
from the last change in the external thermodynamic paramsolid solution as a lattice whose sites are occupied with defi-
eters. nite probabilities by the atoms of the components. We note
The quasiequilibrium states of solutions will be analyzedthat for homogeneous solutions the corresponding probabili-
on the basis of a generalized lattice mddeht takes account ties are given by the relations
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n; The configuration part of the free energy in the self-
Pi=s— (1) consistent field approximation taking account of only pair
M interactions is related with the distribution of the components
For solid solutions there is a correlation in the arrangemenas
of the atoms — two atoms cannot occupy the same lattice Lo
site, similar to the Pauli principle in coordinate space. Ac- _- n_ g " , IV
cordingly, in Ref. 10 a one-component distribution function F 2 2:“1 f fvij(r rOm(rny(rdvidve,
is postulated in the form of a Fermi function (10

N(r)=[exp{— Bu+BP(r)}+1]71, (2)  WhereVj; is the long-range part of the interatomic potentials.
Hence we findg;(r) as
where®d(r) is the total potential produced at an atom at the
site r by all other atomsB=1/T, and u is the chemical
potential. We note that aside from a function of the type
there exist infinitely many other functions satisfying the
“Pauli principle.”

@i(n=2 fvij(r—r’)nj(r')dva (12)
j=1

Substituting the expressidi 1) into Eq. (9) we find

Instead of the postulat€), we shall assume that the m ni(r)
densities of the components are related by the relation 2 f Vij(r=r")nj(r")dV'+TIn W =C,. (12
i=1
m
() — This system of nonlinear integral equations describes the
2 w|n|(r) 1, (3 e L . . .
=1 equilibrium distributions of the components in solutions.

The situation is different in the case of quasiequilibrium

ca!led in what follows the close-packing cpndltlon. T.h's re_{jistributions. Equations of the tyg&2) hold for components
lation takes account of the strong repulsion of particles a . . A , o
In a state of intermediate equilibrium, while the densities of

;r:i(;r; distances and, specifically, the upper limit on the denl-ess mobile components are fixed.

We shall consider ternary systems as a simple illustra-
1 tion.
ni(rys—. 4
Wi
The Helmholtz free energfF=F,—TS for a system

. . . 2. QUASIEQUILIBRIUM STATES OF TERNARY SOLUTIONS
with m componen n written follows in the r lar-

t M compone ts.ca be written as follows in the regula AND THE LOCAL CRITICAL TEMPERATURE
solution approximation:

o n;(r
F=F0+T;jni(r)ln(%r))

where the integration extends over the entire volhue the
system,F, is the configuration part of the free energy, and

The distribution of the components in a ternary system is
dv, (5) given by the local particle number densitiegr,t),n,(r,t),
andns(r,t). We shall enumerate the components in order of
decreasing atomic mobilities.
On the time scaler~ 7, the distribution of the third
(least mobil¢ component remains essentially unchanged

m (n3(r,t)=~n3(r,0)=f4(r)) and the first two components ar-
n(F)Ziz1 ni(r) (6)  rive into a state of quasiequilibrium
3
is the total particle number density. wi=2> | Vi(r=r"Hn.(r")dV' +TlIn _ni(r)) =C;,
We shall find the local chemical potential of tligh =1 . . n(r)
component: (i=12. (13
oF n;(r)
Mi(r)=(5n_(r)) =¢i(r)+TlIn ﬁ) (7y ~ Hence
Sono 1-wsfa(Nwy (A =Ay(n)) |7
ny(r)=———|—exg ———|+1| ,
where w1 w T
oF ) 1-wafa(r) oy F<A1(r)_A2(r) -t
i(r)y= . 8 Ny(r=———exg ————|+1
j (14)
The condition that thé-th component is in chemical ;nere
equilibrium (its chemical potential is constarat a constant 5
temperature gives, taking account of K@), ) , )
| AN =C1= 2, fvmr—r yn(r)dv’,
n;(r -
@0 +TIn| o | =Ci (9) 3
Ay(r)=C,— jv-r—r’ n.(r"H)dv’. 15
whereC; are constants. 2N=C jzl 2i( )ni(r’) 9
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The relationg14) have a form similafbut not identical, 1—wn%— wsfs\n?

because of volume effedtso the “Fermi distribution” (2). ;= (T)? (18
The system of equationd4) extends the equations for 3’3

the equilibrium distribution of the components in a binary 1—w2ng—w3f3 ng

systeni! to the case of a quasiequilibrium distribution of two ~ @2= (1_—(03]:3)? (19

components in a medium with a low-mobility third compo-

nent. We note that the equations in the systélid) are not inde-
In a binary system, phase separation can occur unddtendent, but rather they are coupled by the relation

well-known conditions' which are an extension of the oni(r)w;=—3dny(r)w,, in agreement with the close-

Gor'skii—Bragg—Williams criterion. Phase separation canpacking condition(3).

also occur in ternary systems, but under quasiequilibrium We introduce

conditions(i.e., with a fixed nonequilibrium distribution of o oy o

the third componenthe corresponding phenomena will like- Kur=r1)=Varr=r1) =Val(r=r"),

wise be nonequilibrium. Since it plays the role of an external =~ Ky(r—r")=Vo(r—r’) =V (r—r’),

field influencing a phase transition, a third component with a , , ,

nonuniform distribution has a different effect at different ~ Kaa(f =1")=Vaa(r=r")=Voy(r—r’),

points of th_e system. Spec?fically, the c_ritical temperatures of Koo T =1 )=V r—1") = Vs r —1"). (20)

a pseudobinary system with two mobile components and a

fixed third component are different at different points of the Fourier transforming the syste(@7) we obtain

system. ~ o ~ ~ ~

We shall confine ourselves to two simple particular Ny (K)= arrKyy(k) Ny (k) + a1 K 12(k) dna(k),
cases: pa l_m|form. d|§tr|put|on of the .th|rd component.and SN(K) = arpK p1(K) 811 (K) + @K oK) 1,(K), (21)
b) a nonuniform distribution of the third component with a _ .
scale of nonuniformity’o much |arger than the range of where the 0V€rt||.da donotes a Fogrler transform.
the longest-range interatomic potential. At the branch point the system of integral equatiéha

Let us consider the first particular @as— a uniform  possesses a nontrivial solution, so that
distribution of the third component in the systery(r) ~ o
=f,= const. The branch point of the solutions of a system deta;K;; (k)= ij)=0. (22)
of two nonlinear equations, which corresponds to a phase The maximum temperature at which this condition holds
transition in a quasibinary system, can be found by analyzings the critical temperature and is determined by the relation
the system of equatior{d4). Separation of the initial homo- 19RO

i i ichi i 112 Y v

geneous medium mto two phases, each of_whlch is described Te=-— f max{ @[ Vay(K) = V11(K)]
by the corresponding branch of the solution of the system 1-wafs !
(14), occurs below the critical temperature. These branches

correspond to the same densities of the low-mobility compo- +w1[Via(K) = VoK) ]} (23
nent and different compositions relative to the first and sec-  \ye note that the critical temperatufe does not depend
ond components. on V,3 andV,; — the pair-interaction potentials of the par-
To find the critical temperature we shall represent th&;cles of the first two components with a low-mobility third
local concentrations in the form component. This is due to the assumption that the atoms of
the third component are distributed uniformly.
ni(r)=nd+48n.(r), ny(r)=n3+ny(r), (16) P y

We note that the standard Gor'skBragg—Williams

where énq(r) and dn,(r) are infinitesimal deviations of the condition for phase separation is obtained hence with

local particle number densities of the components from theif®?~ “2 andf;=0
equilibrium valuesn§ andn), respectively. Then min[V13(Kk) + V(K) — 2V, (k)] <O. (24)
{k}
5n1(r)=a1U [Vor(r=r") =V (r—=r")]ény(r")dV’ We now proceed to the second eas- a nonuniform

distribution of the third component with an inhomogeneity

, , , ) scalery, much larger tharr; — the longest range of the
+f [Vadr=r") =Vyy(r=r")]ony(r")dV' ¢, interatomic potentials. Thefy in Eq. (23) must be replaced
by f5(r).
, ) ) Accordingly, the critical temperature determined by the
ony(r)=ay J[Vu(r—r )= Vau(r—r’)]ény(r")dVv expression3) becomes local

Te=Td(r). (25

+J [Vadr=r) = Vadr=ri]ona(r)dv ] We note that this temperature is not the temperature of an

(17) equilibrium phase transition, since the system has not

reached complete thermodynamic equilibrium: The chemical

where potential of the third component depends on the coordinates.
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We introduce described by a system of three nonlinear integral equations

Tg’i“:min T(r)  and T7=max T(r), (26) qf the fltljrtr)n MizC!(|31,2,h3), is interesting. These ques-
i " tions will be examined in the next paper.

. - . | thank A. I. Olemski for a discussion of this work and
the maximum and minimum local critical temperatures.

; for helpful remarks.
Then, forT{"<T<TI®, in the spatial regions wherE,(r) P
<T the system becomes homogenized with respect to the
first two components, and the opposite process — formation

of microphase interfaces — occurs in the regions where'B. S. Bokshtén, S. Z. Bokshten, and A. A. Zhukhovitski The Thermo-

Tc(r)>T dynamics and Kinetics of Diffusion in SoljdMetallurgiya, Moscow
' . . . (1974, 280 pp.

In summary, in a ternary system havmg Sl"bs'[an“a”yZB. Ya. Lyubov, Diffusion Processes in Inhomogeneous Media, Mos-

different relaxation times, nonequilibrium phase transitions cow, (1981, 296 pp.
can materialize in the corresponding quasibinary systems>A. Yu. Zakharov and S. V. Terekhov, Fiz. Met. Metalloved§(2), 261
. - . ; (1985.
ghere ex?ts a flm.:(e teTperfattl'J’]re Ilnter;/al’ dt?;[ermmed by t?Q‘M. A. Krivoglaz and A. A. Smirnov,The Theory of Alloys Undergoing
egree of nonuniformity of the least mobile component, orgering GIFML, Moscow (1958, 336 pp.
where opposing processes occur simultaneously in the SystA. I. Olemski, Fiz. Met. Metalloved51(5), 917 (1981).
tem — homogenization and formation of microphase inter-°A. A. Katsnel'son and A. I. Olemski Microscopic Theory of Inhomoge-
faces neous Structures Moscow State University Press Moscowl987,
’ . 336 pp.
_ m conclusion, we Sh?” Say a few WO_rdS ?_bo_Ut the pos-7y. Kac, G. E. Uhlenbeck, and P. C. Hemmer, J. Math. PHys216
sibilities of further investigations of quasiequilibrium states (1963.
of ternary solid solutions on the basis of a generalized IatticeSG-%E- Uhlenbeck, P. C. Hemmer, and M. Kac, J. Math. PHys229
model. It is of interest to study the kinetics of such processes:fp1 Caﬁemmer M. Kac, and G. E. Uhlenbeck, J. Math. PBy80 (1964
— we have in mind eS“mat'ng.the relaxation t|me§an.d A, G. KhachaturyanThe Theory of Phase Transformations and the Struc-
75, on the one hand, and studying the temporal evolution OLture of Solid SolutionsNauka, Moscow(1974, 384 pp.
the spatial distributions of the components of the ternary A Y Zlah:‘am" da”d s v lere’\':hovl_t')'_"'akthfgngat'ca';?:"b'ems of
system. Moreover, the case where complete equilibrium of Chemical Thermodynamichlauka, Novosibirsk(1989 p. 173.
the system is reached, which by analogy wiff8) can be Translated by M. E. Alferieff
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Diffusion processes are studied near triple joints of special grain boundaries, whose dilatation
field is modeled by a wedge disclination. An exact analytic solution of the diffusion

equation in the stress field produced by the structural defect considered is obtained. The results
of the theoretical analysis are used to determine the concentration field of point defects

near triple joints of special grain boundaries in a polycrystal. 1899 American Institute of
Physics[S1063-78319)01601-9

Special grain boundaries of a polycrystal possess minipressed in the fornfiyo,,dV=0, whereg is the trace of the
mal surface energy. This is due to the fact that atoms atensor of normal stresses. For ternary joints of grain bound-
coinciding sites of the crystal lattice produce negligible dis-aries it can be assumed that only tensile stresses are present
tortions. The largest lattice distortions arise at triple joints ofnear some boundaries and compressive stresses are present
special grain boundaries. They are caused, as a rule, by timear other boundaries. The distribution of triple joints of
orientational dependence of the elastic and thermophysicgrain boundaries over a qualitative characteristic of a
properties of the grain material. For this reason, the triplestrained state is quite arbitrary, but integrally the volume of a
joints of special grain boundaries are powerful stress concerpolycrystal does not dependent on stress concentrators.
trators. They appear for the following basic reasons. Neigh- If a polycrystal is placed in a temperature field, then
boring grains near triple joints possess different orientationthermal stresses arise because of the linear expansion coeffi-
It is knownt that the tensile yield stress in single crystals iscients are different along the orientation directions of the
strongly orientation-dependent. Thus, the yield point of zincgrains. These stresses are highest near triple joints of grain
crystals in tension varies by a factor of six as the orientatiorboundaries. In this case, regions of compression and tension
changes. For this reason, neighboring grains deform differare present because of the simultaneity of the deformétion
ently under an external load. This results in the appearands assumed that the continuity of the material is not de-
of stresses near the triple joint of special grain boundariesstroyed. The existence of such regions near triple joints of
The anisotropy of Young’s modulus and the linear expansiomgrain boundaries makes possible different diffusion pro-
coefficient under force and temperature loads is also accontesses: the formation of impurity atmospheres, the formation
panied by the appearance of stresses near triple joints. Thod porosity, the growth of precipitates of a new phase, the
maximum stresses occur near the vertex of a joint since, aseparation of a flux of radiation-induced point defects, and so
the distance from the vertex increases, the stresses decrease Therefore, there is a need to study the effect of a stress
because of compensation by stresses with the opposite sidield generated by triple joints of special grain boundaries on
produced by a neighboring triple joint. Rotational modes ofsome of the processes mentioned. This is the objective of the
plastic deformation near the rotation axis are also stress compresent work.
centrators. Triple joints of ordinary and special grain bound-  The stress field near a triple joint of special grain bound-
aries serve as such an axis. Special grain boundaries are charies is modeled by a wedge disclinatfottf. the rotation
sen for the analysis of diffusion processes because theector of the wedge disclination conforms to the rotational
activation energy of diffusion along special grain boundariessymmetry of the crystal, then such disclinations are said to
is essentially the same as for diffusion in the bulk. Howeverpe perfect. Ordinarily, such a rotation angle is 60 and 90 °.
in ordinary grain boundaries, the activation energy of impu-However, near triple joints the rotation angle can be small
rity diffusion as well as of intrinsic point defects along grain and may not conform to the rotational symmetry of the crys-
boundaries is lower. tal. Such disclinations are said to be partial. For a perfect

The plastic flow of a polycrystal is a self-consistent pro-disclination there are no distinguished surfaces because of
cess: The deformation of each grain depends on the defothe conditions of the rotational symmetry of the crystal. For
mation of the surrounding grains. The stress field can also beartial disclinations, the presence of a disclination destroys
self-consistent. The latter means that the stress system mube identity of the atomic structure and distinguished sur-
be self-balanced, i.e. there are no volume changes in thiaces with disrupted structure appear. Such surfaces model
material caused by the stresses. Mathematically, this is exspecial grain boundaries. In what follows, to study the diffu-
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sion processes near triple joints of special grain boundariesadius of the matrix atoms, migrate toward sinks with nega-
we shall consider a model of a given structural imperfectiortive dilatation and away from disclinations with positive di-
— a wedge disclination. latation. A constant average concentratiog is also main-

The diffusion redistribution of impurity atoms near a tained at the boundary=R. The boundary condition at
wedge disclination was first considered in Refs. 3—6. Fol=r, means that an equilibrium concentration of point de-
lowing these works, we write the binding energy of a pointfects is established there instantaneously and is henceforth

defect with a wedge disclination in the form maintained during the entire time of their diffusion redistri-
VZAl r Auw(l+ v)srf bution
“ANMR) AT T3
\Y R\ ¢ A
whereu is the shear modulus of the materialjs Poisson’s Ceq=CoeXp — kT~ Co T kT

ratio, o is the modulus of the disclination rotation vecter,
is the relative difference of the linear sizes of the matrix and o ) ) o
impurity atoms,r, is the radius of a matrix atom, arilis The binding energy of a point defect with a wedge disclina-
the outer radius of the disclination. Since the poten¥ial tion is a logarithmic function of the coordinates. Such a de-
diverges logarithmically as—0, we introduce the concept Pendence makes it possible to write down quite simply and
of the nucleus of a wedge disclination with a characteristicé/egantly the diffusion equation in a force field as
size of several interatomic distances. Triple joints of grain
boundaries are randoml_y. dlstnbuted. in the v_olume ofthe 1 ¢ s2c 1+asC
polycrystal with the condition that their stress fields far from ——=—
the vertices of joints compensate one another. This is a con-
sequence of the combined deformation of the grains and ab-
sence'of discont'inuiti'es ﬁn the'm'aterial. This prevents the C(r,0=Co, C(R=Coy, C(r,t)=Ceq.
potentialV from diverging in the limitR—oc. We note thaR
is arbitrary, and the dilatation field at this boundary can be ] ) ]
different from zero. However, near the vertex of a triple  1NiS problem can be solved analytically for an arbitrary
joint, where diffusion processes are most intense, the expre¥@lué of a=A/KkT. The dimensionless parametercharac-
sion presented describes quite correctly the binding energlfizes the ratio of the binding energy of a point defect with
of a point defect to a triple joint of special grain boundaries.2 disclination to the thermal kinetic energy a1, then the
The diffusion of point defects near a wedge disclinationdrift of point defects toward a disclination nucleus can be
can be described by an equation for non-steady-state diffjreated as a small perturbation of the main diffusion flux. For
sion in a force field with appropriate initial and boundary @>1 the drift of point defects predominates, and o1

Dat g2 r o’

conditions the contribution of the stress field of a disclination to diffu-
sion is comparable to diffusion under a concentration gradi-
1 &C V(CVV) ent.
Dot ACT T Next, we shall study for specific examples the kinetics of
accumulation of impurity atoms, interstitial atoms, and va-

C(r,0)=Co, C(R1)=Co, C(ro,t)=Cqq cancies near a wedge disclination. First, we shall estimate
where D is the diffusion coefficient of point defects is For the system Fe-C r{=1.40x10'"m, »=0.29,
Boltzmann's constantl is the absolute temperatur€, is ~ #=8.3x10" MPa, £=0.2,kT=10"*J, and »=0.1 rad)
the average density of point defec@, is the equilibrium a=1. The valuew=0.1 rad for the disorientation angle with
concentration of point defects at the disclination nucleus, anéhe formation of special grain boundaries is entirely reason-
ro is the radius of the disclination nucleus. able. Let an impurity atmosphere consisting of atoms that

Initially, the concentration of point defects near a wedgeexpand the crystal lattice be formed near a positiwe<(Q)
disclination is equal to the average concentratyn The  Wedge disclination. Then fog=—1 the problem of deter-
same concentration is maintainedrat R. Physically, this mining the concentration field of the impurity atoms reduces
means that as point defects migrate toward a disclinatiofathematically to solving the equation
nucleus, point defects from a disclination of an opposite sign
appear at the boundamnys=R. We shall illustrate this for a
specific example. Let the dilatation be positive near a wedge
disclination (tensile stressesand let neighboring disloca-
tions possess negative dilatatiditompressive stresses
Then the impurity atoms that expand the crystal lattice are R
predominantly attracted toward disclinations with positive C(r,00=Cy, C(R,t)=Cy, C(rg,t)=Ce=Co—.
dilatation and are repelled from the disclinations with nega- Fo
tive dilatation. In the process, a constant concentréflgiis
maintained at the boundary=R. A similar situation holds The solution of this problem gives the concentration distri-
for interstitial atoms under irradiation. Vacancies and impu-bution of impurity atoms near a triple joint of special grain
rity atoms, whose ionic radius is less than the correspondingoundaries as modeled by a positive wedge disclination

1 ac_aZC
D gt g2’
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r oms is formed if the vertex of the joiritlisclination nucleus
Wn(a—l) is not a perfect sink for interstitial atoms. However, if the
sin| ————— dislocation nucleus is a perfect sink for interstitial atoms,
R_T " 5_1 then, because the motion of edge dislocations is nonconser-
C—Co ro Fo 2 ro vative, the center of the wedge disclination is displaced and
Ceq—Co R T =1 n relaxation of stresses occurs near it. The problem of deter-
E_l mining the concentration field of interstitial atoms near a
wedge disclination is identical to the problem considered
w2n2Dt above. However, the physical meaning of the boundary con-
Xexp — TRz | dition atr=ry is different. For interstitial atomsC, atr
(a - 1) ré =rg is the equilibrium concentration with respect to the non-

conservative motion of dislocations. The diffusion flux of
This expression was obtained taking into account the stresgacancies is directed into the zone of compressive forces of a
field of a wedge disclination in the diffusion equation and innegative (»>0) wedge disclination. The boundary condition
the boundary condition. If the effect of the stress field of aat r =r signifies in this case an equilibrium of vacancies
wedge dislocation is taken into account only in the boundaryvith respect to the nonconservative motion of dislocations.
condition, then the corresponding problem is formulatedThe vacancies change the crystal structure near a positive
mathematically as wedge disclination and do not accumulate in pores. The situ-
14C #2C 14C ation resembles the s_uppression of swelling of a me_lterial asa

-T2 result of vacancy migration into compressed regions near

Dat g2 r1oar’ precipitates of a new phase.

Finally, we shall consider the case where pore nuclei

C(r,0)=Co, C(R1)=Co, C(ro,1)=Ceq with characteristic size, are present at the center of a triple
The solution of this problem describes the kinetics of thejoint of special grain boundariegegative wedge disclina-
formation of an impurity atmosphere neglecting the streséion). The compressive stress field is equivalent to a pressure

field of the disclination in the diffusion equation near the pore. Since the compressive stress field is distrib-
uted nonuniformly and is maximum at the pore boundary,
In(B) " JO<MnR)JO(M )ZO(“nr) the diffusion flux of vacancies is directed toward that loca-
C-Co r ) " ) tion. The oppositely directed flux of interstitial atoms allows
= D s )
Ceq— Co R =1 ) ) unR pores to grow in size. To determine the vacancy concentra-
In N Jo(mn) = Jo o tion field, Ceq for r=rq should be interpreted as the equilib-
rium vacancy concentration at a pore boundary, determined
p(,uth by the relation
X ex ,
2
o
C =Cq ex 2 1+P -P
where eJr:ro 0 KT\ 1o EPT Fof |
Ml I mnR mnR Ml i . .
Zo| 7| =No| == |Jo| 7| =Jo[ 7 |No| 7] where ) is the atomic volumey is the surface stresghe
0 0 0 0 0 pore nucleus is assumed to be cylindric8cp is the exter-
M are the roots of the equation nal pressure, an®, is the internal pressure of the gas in a
pore. It is assumed that the slow growth of a pore is accom-
uR uR . . . .
Jo()Ng . -Jo - No(u)=0, panied by rapid adjustment of the vacancy concentration
0 0

field. Then the rate of change of the pore radius is given by
and Jo(w) and Ng(u) are Bessel functions of the first and

second kind, respectively. dro JC C oV
In the steady state, the ratio of the dimensionless con- gt ~ o KT ar)
centrations of the impurity atoms for these cases is =fo
C (Ceq—Cp)QD
R _qp =89, (ea” 022D
(R=1)ln E) 2D T RTy)
R}’ - m°n?Dt
(R—ro)ln(?> X 1+2n§=:1 ex > )
—=1]r
which for ry<r <R is always larger than 1. Physically, this o ) 0

means that the dilatation field near a wedge disclination

“confines” more impurity atoms. (the concentration and drift vacancy fluxes are oppositely
Next, we shall consider the kinetics of accumulation ofdirected.

interstitial atoms and vacancies near a triple joint of special For Dt/r§>1 the rate of change of the pore radius is

grain boundaries. An atmosphere consisting of interstitial atfound from the expression
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drg QD(RCeq—roCo) material. In these stress field_s the_diffus_ion fluxes of radia_l-
dar ro(R—rg) tion defect:?‘ separate; vacancies migrate into the compression

region, while interstitial atoms migrate into the tension re-

The corresponding value gfﬁ in this approximation, ne- gion. Near the vertices of triple joints the dislocation struc-

_ _ o dt o ture of the material becomes rearranged and swelling is
glecting the dilatation field of the wedge disclination in the thereby suppressed. A strict description of this process re-

diffusion equation, gives duces to solving a system of diffusion equations for vacan-
dry  QD(Ceq—Co) cies an_d int_er§titial atoms, takipg a_\ccount of their _produgtion

- = . under irradiation and recombination accompanying migra-

dt ro In(E) tion. However, the solution of this problem does not greatly

0 change the qualitative picture of diffusion processes for va-

Their ratio cancies and interstitial atoms near the triple joints of special

grain boundaries.
—Ceo— ColInf —
Mo eq 0 o

R
(Ceq_ Co) E -1
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Switching from simple semiconductors to more complicated chemical compositions, we
encounter mainly nonstoichiometric or undoped compounds. Combined with other characteristic
features ofd(f) compounds, this can lead, together with the ordinary scattering by spin

disorder in magnetic semiconductors, to an unusual impurity contribution to the total scattering
of carriers even in intrinsic semiconductors. A unique scheme for calculating the energy
structure of the conduction-band bottom of a ferromagnetic semiconductor and the temperature
and field dependences of the impurity contribution to the resistivity is proposed on the

basis of a model Hamiltonian. The computed magnetoresistance ratio is negative and has a
maximum neafT.. A qualitative comparison is made between the results and the experimental
temperature dependences of the Hall mobility and magnetoresistance ratio in the ternary
semiconducton-HgCr,Se,, which is nonstoichiometric with respect to the chalcogen. To identify
previously unobserved temperature oscillations of the resistance, a careful analysis is made

of the low-temperature part of the resistance using the relations obtained99@ American
Institute of Physicg.S1063-783#09)01701-3

1. Many compounds, which according to bond type areheavy fermions, and magnetic semiconductors. The discov-
intermediate ion-covalent compounds, form extended conery of giant magnetoresistance in the perovskites
centration regions with their own components, often of theLal_,((Ca,Sr,Pb,Be]()\/lnoy4 drew additional attention to
berthollide type: This is facilitated by the characteristic fea- this problem, since the microscopic mechanism of giant
tures of the electronic shell structure of transition, rare-earthmagnetoresistance is still not clear.
and actinide elements. Interestingly, in these cases the effects The carrier dispersion laws in magnetically ordered sub-
due to nonstoichiometry and strong Coulomb correlations arstances depend on both temperature and magnetic field on
present at the same time. In turn, in such compounds stoichaccount of the exchange interaction. This makes an addi-
ometry is only a special case or it is unattainable, if thetional contribution to the temperature and field dependences
ordinate of the compound corresponding to the highest desf the electric resistance. Many physical properties of con-
gree of ordering of the ions falls outside the range of exis-ducting magnets can be described in the narrow-Isa+uiff)
tence of these phases. Nonstoichiometry in semiconductanodel?? where the carrier is a spin polare— a quasiparti-
compounds is of special interest. In such compounds thele, whose motion is similar to that of an “irregular sgh
main cation is ad element, since transition-element com- = 1/2 on the background formed by a lattice of regular spins
pounds form the largest group of semiconductots. S.” This model is applicable when the(f) electrons are well

We are interested in compounds dff) elements, at localized and their contribution to the density of states at the
whose Fermi level there is a contribution not only from dif- Fermi level is zero. This naive picture is unsuitable in the
fuse sp states, which form wide bands, but also from morecase of partial delocalization dff) electrons, where narrow
localizedd(f) states, which form narrow bands. Ordinarily, in d bands must be taken into account together with strong
a two-band model it is not difficult to calculate the transportelectronic correlations and hybridization with the more dif-
relaxation time, using Fermi’'s golden rule to calculate thefuse sp states. A synthesis of the-d(f) model and Ander-
probabilities of quantum transitions. But for substances withson’s periodic model makes it possible to do this, and we
quite strong localization of thd(f) electrons the electronic shall use it below to calculate the temperature and field de-
correlations make it impossible to use a simple two-bangendences of the resistance. The computational results will
model, since the correlations renormalize not only the pabe compared with the experimental data for the magnetic
rameters of the carrier dispersion law in a narrow béhd  semiconducton-HgCr,Se,.
bandwidth and the effective madsut also the hybridization The paper is organized as follows. In Sec. 2 the elec-
parameters of the states of the wide and narrow bands. Suttonic structure of a degenerate semiconductor is described in
materials include compounds with variable valencethe periodic Anderson model taking into accowd ex-

1063-7834/99/41(1)/8/$15.00 59 © 1999 American Institute of Physics
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change and scattering by impurities and intrinsic defects. Invhere the superscripts enumerate states of th¥ @nd

Sec. 3 the electrical conductivity is calculated. In Sec. 4 theCr?* ions:

experimental results pertaining to the present calculation are

briefly listed and compared with the relations obtained. Cr3+:|1>:‘sz §;5Z2§>; |2)= ’E }>
2. Let us consider a multielectron model of a magnetic 2 2 2°2

semiconductor taking into account the real multielectronic

orbital structure of the 8 states. Following this model, the 13)= §; — E> |4)= P — §>
Hamiltonian can be written as a superposition of the periodic 2 2 2 2
Anderson model and thed exchange model Crt:(5)=|2,2): |6)=2;1):;

A= Hot Hat Rz R, 7)=12:0; 18)=[2;-1); [9)=[2;~2).

+ The operatorsl,, in this representation are quasi-Fermi op-

HO:% gkckgck"JrZ [(E”_n“); X{” erators. This is because the highest excited states of chro-
mium are neglected, and it corresponds to the single-electron
transition?A,«— °E. We also call attention to the existence
of similar concepts in the theory of defects in semiconduc-
tors, referring to “local population levels®The presence of
a hybridization term in the Hamiltonian is due to the possible
entanglement of the andd states by the distant coordination
spheregtrigonal corrections to the crystal field in the case of

Here ¢, is the operator annihilating e electron with  HgCr,Se;). Of the different processes responsible for elec-
momentumk, spin o, and energy§y=ex—u, measured tron scattering by impurities, we take into account in out
from the chemical potentigk. It is assumed that theband  calculation the standard potential scattering of carriers in
is formed mainly by the ¢ states of the magnetic i0Xf?  states and fluctuations of the energies of dHevel
=|fp){fq| are Hubbard operators, describing the transition
pf a magnetlcllon at a lattice sifédfrom a Iocgllzed stat&g) H,= 2 pHAl(k—q)e’”'(k"‘)czocq(,
into a statgp); E, andE,, ; are the energies of the ground kptq
state configurationsl™ and d"*! of the magnetic ion; the
indices y and I' refer to the orbital degenera_\cy of these + > palo(Fddy, . 2
terms; S and o are the spin operators of tteeion andc fo
conduction electronsyY and J are hybridization and ex-
change interaction parameters of thandd electrons. The
signal-electron operatodg,, can be expressed in terms of the
Hubbard operators in the standard manner ds
=3 pq(plds,|a)XP?. For specific calculations we shall con-
sider only thed® andd* configurations. This makes it pos-

+<En+1—<n+1m>; xf”};

H1=Ef { —JoS&+ VY, (¢ di, + h.c.)]. (1)

Here p4; and p, are projection operators, equal to 0 in the
absence of impurities and 1 in the nearest-neighbor environ-
ment of an impurity atom or defect. The second terniin
presumes random fluctuations of the crystal field without a
change in symmetry of the field. We chose the form of the

Hamiltoni