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EXAFS spectroscopy is used to study the local environment of lead and selenium atoms in
PbTgq _,Seg solid solutions. In addition to a bimodal distribution of the bond lengths in the first-
coordination sphere, an unusually large value of the Debye—Waller factors for the Pb—Pb
interatomic distancegecond-coordination sphgrand a substantial deviation of this value from
Vegard'’s law are observed. Monte Carlo calculations show that these observations are
related to the complicated structure of the distribution function for Pb—Pb distances. It is found
that the number of Se—Se pairs in the second-coordination sphere exceeds the statistical
value, which indicates that chemical factors play an important role in the structure of the solid
solutions. The contribution of chemical factors to the enthalpy of mixing of the solid

solution is estimated~£0.5 kcal/mol¢ and this value is shown to be comparable to the
deformation contribution. ©1999 American Institute of Physid&S1063-783499)00908-9

Knowledge of the true structure of solid solutions, i.e., 1. EXPERIMENTAL TECHNIQUE
the local displacements of atoms from their ideal lattice sites
and the deviations in the distributions of the atoms from  Samples of PbTe ,Sg solid solution withx=0.1, 0.25,
statistical distributions, is needed to understand the physicdl.5, and 0.75 were obtained by melting stoichiometric com-
properties of these crystals. EXAFS spectroscopy is nowpositions of the binary compounds PbTe and PbSe together
widely used for studying the structure of solid solutions. in evacuated quartz vials with subsequent homogenizing an-
EXAFS studies of solid solutions of IlI-V and 1lI-VI nea”ng at 720°C for 170 h. According to X-ray measure-
semiconductors having the sphalerite structtiéave re-  ments, the samples were single-phase. Immediately before
vealeq a pimodal distribgtign of the bond lengths in the firstyhe EXAFS measurements, the alloys were ground to a pow-
coordlqat|on sphere. This implied -that the local §tructgre Ofder, sifted through a mesh, and deposited on a scotch tape.
the solid solutions should, most likely, be described in the, - optimum thickness of the absorbing layer for taking spec-

approximation of fixed chemical bond lengths proposed b . ttiole | . I | f
Bragg and Pauling, rather than in the approximation of é;i \;\;a;)seobtamed by multiple layeringisually 8 layers o

virtual crystal. Up to now, solid solutions of IV-VI semicon- . .
ductors having the rock salNaCl) structure have been stud- The EXAFS.spectra were studied at station 7.1 of the
synchrotron radiation source at the Daresbury Laboratory

ied by EXAFS only to examine the locations of the noncen- e )
tral impurities”° no systematic investigations of the local (Great Britain with an electron energy of 2 GeV and a maxi-
structure have been made for these solid solutions that cof?um beam current of 230 mA. Measurements were made at
tain no noncentral impurities. the K absorption edge of S82658 e\f and thel absorption

In this paper we present results from a study of the locapdge of Pi{13055 eV at 80 K in transmission geometry. The
structure of PbTe_,Sg, solid solutions by EXAFS spectros- synchrotron radiation was monochromatized by a two- crys-
copy. These solid solutions are of great interest in connectiotal Si(111) monochromator. The intensities of the radiation
with their use for creating IR optoelectronic devices based oincident on () and transmitted throughl the sample
heterostructures with matching crystal-lattice parameterwere recorded by ionization chambers filled with Hér
PbTe and PbSe form a continuous series of solid solutiongmixtures with compositions such that 20 and 80% of the x
over the entire range of compositions. The periods of theadiation, respectively, was absorbed. Contamination of the
crystal lattices in the initial binary compounds are 6.460 andadiation output from the monochromator by higher harmon-
6.126 A at 300K, i:e., this solid s_olution is characteriz_ed BYics could be neglected for the energy range employed in
a rather large relative differendslightly larger than 5%in these experiments.

the interatomic distances. In addition, this solid solution was The resulting spectra were analyzed in the usual ’v1\°7ay.

of interest to“us bec? use, in I, far-0.25, the lattice was After subtraction of the background absorption of the radia-
found to be “softest” with respect to the appearance of ation by other atoms, the monotonic parkq(E) of the ab-
ferroelectric phase when tin atoms are introduted. y ' ParKo
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FIG. 1. kx(k) for samples of PbTe ,Se, at theK absorption edge of Se: FIG. 2. kx(k) for samples of PbTe ,Se, at theL,,, absorption edge of Pb.
1—01,2—0.253—0.5,4—0.75,5— 1. The arrow denotes the x.1—0,2—0.1,3 — 0.25,4 — 0.5,5— 0.75,6 — 1. The arrows
location of the glitches. indicate the locations of glitches.

sorption was separated from the transmission cupseE)  the parameter®;, N;, and o} were found by minimizing
=In(ly/l,) (hereE is the energy of the radiatiorby curve the root- mean-square deviation between the experimental
fitting and the EXAFS functiony= (ux— uXo)/ux, was and calculatedkx(k) curves using a modified Levenberg—
calculated as a function of the photoelectron wave vektor Marquardt algorithm. Besides these parameters, the shift in
=[2m(E—E)/#?]*2 The origin for the photoelectron en- the zero on the energy scal&, was varied simultaneously.
ergy E, was taken to be the energy corresponding to thelhe number of varied paramete-9 was usually half the
inflection point in the absorption edge. The jump at the ~ number of independent parameters in the datAk®R/
absorption edge varied over 0.08-1.4. At least two spectra 12—20, whereAk and AR are the regions for discrimina-
were taken for each sample. tion of the data under Fourier filtration kandR spacé?).
When multiple scattering effects are neglected, informa-The accuracy with which the parameters was determined was
tion on the local environment of the central atom, i.e., theestablished from the covariant matrix. The errors reported
distancesR;, coordination numbersl;, and Debye-Waller here correspond to the standard deviation. In order to en-

factors gjz, for eachjth coordination sphere enters the hance the accuracy, it was assumed that the correction en-

EXAFS function as follows? ergy dE, is the same for all the coordination spheres, while
5 the coordination numbers correspond to the known coordina-
1 N; i i i
Y(K)= = 2 Flsof(k)exri—ZRj/)\(k) tion numbers in an fcc lattice.
]
—2k?a?]sin 2kR; + (k)] 2. EXPERIMENTAL RESULTS

Besides the structural parameters characterizing the local en- Figure 1 shows typical experimentil (k) curves ob-
vironment, this equation includes the amplitutigk), the tained at theK absorption edge of Se for samples of
sum of the backscatter phase and the phase of the centf@bTg_,Seg and PbSe. The range of wave numbers for these
atom (k), the photoelectron mean-free-pattfk), and a data is bounded above ty=9.7 A~ because of the close-
parametelscz,, which accounts for many-electron and inelas-ness of the.,,, absorption edge of lead. Figure 2 shows plots
tic effects in the central and scattering atoms. The functionsf ky(k) for samples of PbTe ,Se,, PbTe, and PbSe at the
f(k), ¥(k), and A(K) were calculated using the FEFF5 L, absorption edge of Pb. The sharp jumps in the curves
program®> indicated by arrows in Figs. k&8.7 A) and 2 k~6.2 and

The information of interest to us for the first- 12.7 A), the so-called glitches, are not related to properties of
coordination spheres was extracted from the experimentahe samples, but to those of the monochromator. After the
x(K) curves with the aid of the forward and inverse Fourierglitches were removed, the data were analyzed by the
transforms using Hemming windows. Quantitative values ofmethod described in the previous section.
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TABLE I. Experimentally determined local concentrations of Se atoms sur- 3.24
rounding Se.
X 0.1 0.25 0.5 0.75 1.0 3.20F
Nge sd12 0.34+0.04 0.45+0.03 0.6:0.02 0.78:0.01 0.96-0.02 < a6l
i3
< 32t
In processing the data, we have restricted ourselves to #
finding the parameters for the first two coordination spheres. g 3.08F
In analyzing the data at the absorption edge of Pb, it was
noted that the lead atoms in the first-coordination sphere are 3 g4t
surrounded by six atoms of two kindSe and Tg Here each

pair (Pb—Te, Pb—Sds described by its own set of structural 0.0 0.2
parameters R;, N;, sz). The second-coordination sphere x

consists of 12 lead atoms which, we have assumed lie at thgg. 3. Average interatomic Pb—$#) and Pb—Te(2) distances as func-
same distanc®.In order to reduce the number of variable tions of the compositiox of PbTg _,Se, solid solutions. The points indi-
parameters, the relative contributions of the Pb—Te andate the bond lengths 08— Pb—Te 4 — Pb—Se5 — Se—Pb. The smooth
Pb—Se pairs in the/(k) curves were calculated using the curves are from a Monte Carlo model calculation and the dashed curve is the

. L average interatomic distan€kalf the lattice parametgr
known chemical compositions of the samples and the rela-

tive contributions of the first- and second-coordinationedges are in agreement. As Fig. 3 implies, the distribution of
spheres, in accordance with their coordination numbers. Thge interatomic bond lengths in PbTgSe, solid solutions
complete set of parameters characterizing the nearest neighas a distinct bimodal character. The Debye-Waller factor
bors of the lead atoms was characterized by 8 parameters.depends onx differently for the Pb—Te and Pb—Se bonds
In analyzing the data taken at the Se absorption edge, wWerig. 4): while o2, ;. is essentially independent of the com-
assumed that the first-coordination sphere of the seleniufosition, o2, <, has a maximum near=0.5. Nevertheless,
always consists of 6 lead atoms, while the second42 js |ess than 0.01 Afor both bonds.
coordination sphere can contain either Se or Te atoms. Here  Figures 5 and 6 contain plots of the interatomic distances
the number of Se and Te atoms in the second-coordinatiognd Debye—Waller factors as functions of the composition
sphere can differ from the statistical number because Oparameter for Pb—Pb atom pairs located in the second-
short-range order in the solid solution. Thus, the analysis wagoordination sphere with respect to one another, and Figs. 7
done both in the apprOXimation of a statistical distribution Ofand 8, similar curves for Se_cha|cogen atom pairs assuming
chalcogenide atoms in the lattice and taking the possibility 0khort-range order. These figures imply that the experimental
short-range order into account. dependence of the Pb—Pb distance deviates significantly

In the case of a statistical distribution of ChalCOgenidefrom a Vegard |aW, while the Se_cha|cogen pairs follow
atoms, the problem was limited to finding a set of 8 param+/egard’s law much better.

eters characterizing the short-range order of the Se atoms in  The dependences of the Debye—Waller factors for
the solid solutiorf) Pb—Pb and Se—chalcogen atom pairsxcare qualitatively

In order to account for the possible deviation from aanalogous, although they differ quantitatively. In these data,
statistical distribution of the chalcogenide atoms in thejt jg

second-coordination sphere of Se, yet another variational pa-

rameter was introducedNs. 5., the number of Se atoms in

the second-coordination sphere of an Se atom. Here it was

assumed that the total number of atoms in the second-

coordination sphere was always equal to 12. N
Taking the possibility of short-range order into account =<

0.016

0.012}

when processing the data ensured a considerably better
agreement between the experimental and theoretigék) i
curves than for a random distribution of atoms in the lattice.

The values olNg. e Which we obtainedsee Table )l indi- o

Ipb--Tes

OPb--Ses

0.008

0.004

cate a distinct short-range order, specifically, Se atoms being
surrounded in the second-coordination sphere by atoms of 0.000
the same type. This is consistent with a study of the thermo- ' L L L L I —
dynamic properties of the PbTe—PbSe systém.

Figures 3 and 4 contain plots the interatomic distances
and Debye-Waller factors as functions of the composiion FIG. 4. The Debye—Waller factors for Pb—T8 and Pb—Sd2) bonds as
for Pb—Te and Pb-Se bonds obtained by analyzing dattnctions of the composition of PbTg_,Se, solid solutions. The points

; ; denote data for the bond8: — Pb—Te,4 — Se—Pb,5 — Pb-Se. The
from both absorptlon edgééDespne the rather Iarge errors smooth curve is the static contribution to the Debye—Waller factor calcu-

in det_ermining the Pb—Se distances _in samples with a |0_Wéted by a Monte Carlo methodThe curves for both bonds essentially
selenium content, the distances obtained at both absorptianerlap)
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FIG. 5. The Pb—Pb interatomic distance as a function of the composition F|G, 7. The Se—Sél) and Se—Te?2) interatomic distances as functions of
of PbTg_,Se solid solutions. The points are experimental data. The the composition of PbTe_,Se solid solutions. The points are experimen-
smooth curve was calculated by a Monte Carlo method, the dashed curve {§) gata. The smooth curves were calculated by a Monte Carlo method and

the average interatomic distance, and the dotted curve is the result of afe dashed curve is the average interatomic distance calculated from the
analysis for the modey(k) curves. lattice parameter.

noteworthy that the Debye—Waller factors for Pb—Pb pair§, ,mber of samples from the second series with0.25 in

reach a maximum near~0.25, while these values are un- orqer to observe any changes caused by possible decompo-
expectedly large(up to 0.05 &) and significantly exceed gjtion of the solid solution. No significant changes were ob-

those for the Se—chalcogen pairs. served in the Debye—Waller factor for the Pb—Pb pairs.
In order to explain the anomalously large Debye—Waller |, order to understand the reason for the unusual behav-

factors for Pb—Pb pairs, we initially assumed that the solidq; of the interatomic distances and Debye—Waller factor as
solutions can undergo a transition to a microcoherent statgynctions of composition for the Pb—Pb paifigs. 5 and
for example, due to mechanical effects when the powdergq gecided to model the static distortions in the PoT8e,
were ground or because the solid solution decomposes WheR)jig solutions by a Monte Carlo method. This method has

the alloys are not cooled fast enough after annealing. In 0rdg§een ysed previously® to model distortions in semiconduc-
to verify this proposition, a second series of samples wag,, sqlid solutions with a sphalerite structure.
prepared with compositions identical to those in the first se-

ries. The alloys in this series were ground before annealing

and all the annealed powders were quenched from 720 °C i MONTE CARLO MODEL

water. Data from these samples taken atltheabsorption

edge of Pb did not reveal any changes in the behavior of the ~The static distortions in PbTe,Sg, solid solutions were
Debye—Waller factor for the Pb—Pb pairs as a functiox of modelled in the approximation of elastically deformed
compared to the first series of samples. Moreover, additiond?onds. For a given random distribution of Se and Te atoms
low-temperature annealing at 100-400 °C was done on H one of the fcc sublattices, a set of atomic coordingtgls
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FIG. 6. The Debye—Waller factor for Pb—Pb atom pairs as a function of theFIG. 8. The Debye—Waller factors for Se—Se and Se—Te atom pairs as
compositionx of PbTg _,Se, solid solutions. The points are experimental functions of the compositior of PbTg _,Se, solid solutions. The points are
data. The smooth curve was calculated by a Monte Carlo method and thexperimental data. The smooth curve was calculated by a Monte Carlo
dotted curve is the result of an analysis for the mogg) curves. method.
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was found for which the total strain energy from the changeNhereRfiB and Rgc are the bond lengths in the binary com-
in the bond lengths and deviation of the angles between themoundsAB and AC, andR,[ AB] is the length of theA—C

from 90°, bond for impurityC in compoundAB (in the limit of infinite
6 5 dilution). For the Pb—Te and Pb—Se bonds, this quantity was
U= 1 D A (|ri_rj|_d5(iyj)) 0.35 and 0.21, respectively. The difference between the two
24 |/l ds(i ) values ofe’ is a consequence of the substantial difference

1 ) between the stiffness coefficiers andA, (roughly a factor
B> ((ri_rj)(ri_rk)) of 1.5). The value ofe’ calculated for the Pb—Te bond is in
Gosa | ri—rri—ry ' fair agreement with experimeni {~0.36). A comparison
L i ) _for the Pb—Se bond is difficult because of the large experi-
was minimized. In the first term the sum is taken over the Sixyental errors. It is interesting that the calculations of the
nearest neighbors for each of the lattice sites. The indicegyerage interatomic distance as a function of composition
s(i,j)=1,2 correspond to Pb—Se and Pb—Te atom pairs &tne dashed curve in Fig) 8leviate significantlyby roughly
sitesi andj, A, is the stiffness coefficient for the correspond- 5 gog A and negatively from Vegard's law.
ing bond, andl; is its equilibrium length in the binary com- Figures 5—8 contain plots of the average interatomic dis-
pound @; =3.050,d,=3.217 A at 80K. In the second term  yances and their dispersions for Pb—Pb, Se—Se, and Se-Te
the sum is taken over all 12 different angles between bondiom pairs in the second-coordination sphere with respect to
pairs for each of the. lattice sites. The stiffness constants Witne another. The substantially larger static Debye—Waller
respect to lengthening of the Pb—S& ) and Pb—Te Az)  factors for the second-coordination sphere compared to the
bonds were calculated from pubhsﬁéc_falues of the elastic  first mean that the lattice adapts to the existence of different
moduli for PbSe and PbTe according to the relatin  cpemical bond lengths through local rotation. The model re-
=(Cy1+2Cy))/4, and the stiffness constants with respect t0gjis for Se—chalcogen atom pairs are in fairly good agree-
bending, according t@=C,/32, whereCy, is the average ment with experimental data, while the results for Pb—Pb
of the corresponding moduli for PbSe and PbTe. pairs are in poor agreement with experiment. The reasons for

~ The model calculations were done prxmXxm lattices s discrepancy will be discussed in detail in the next sec-
with m= 10— 30 nodes and periodic boundary conditions for i,y

several random distributions of the Se and Te atoms in the According to our model calculations, the average Se—Se

chalcogenide sublattice. Starting at a position among thgjstance in the solid solution is 0.01—0.02 A shorter than the
nodes of an ideal fcc lattice, each of the atoms could undergge _te distancéFig. 7) and their Debye—Waller factors are
a shift in a direction for which the strain energy of the lattice roughly equal (T% < %Ug 1. This justifies treating the

. e . . e— e e— .
decrea}sed for a flxed ppsmon of the rémaining atoms. Th%halcogenide atoms as a single second-coordination sphere
step size for a single displacement was adaptively reducegyring the analysis of the surroundings of the selenium at-
from 0.01 to 0.0002 A. After roughly 1000 iteration steps Peroms.
atom, the strain energy ceased to vary and the resulting  Therefore, Monte Carlo modelling of the distortions in
configuration of displacements was assumed to be in equilibopTq  Se solid solutions has made it possible to establish
rium. The set of coordinates for all the pairs of atoms locateqye jnevitability of strong static distortions in the Pb—Pb dis-
in the first- and second-coordination spheres found in thigynce and to demonstrate qualitative agreement between the
way was used to calculate the distribution function for theggcyations and experiment for the first-coordination sphere
interatomic distances. Since the periodic boundary condiznqg for the Se—chalcogenide atom pairs. The model calcula-
tions required that the lattice parameter be fixed, the calcions however. have not provided an explanation for the
lations were done for an entire set of these lattice parameteraiscrepamy between the experimentally determined and cal-
In the following, we shall take the lattice parameter to be theyjated Pb—Pb distances, which may be related to an the
value for which a minimum energy was obtained. inadequacy of the one-dimensional approximation employed

Model calculations on lattices of different sizes showedyy gnalyze the experimental data for the Pb—Pb distances.
that the excess energy owing to the finite lattice size varies

roughly asm™2 and that form> 16, finite lattice effects can
be neglected. 4. DISCUSSION
The Monte Carlo calculations of the average Pb—Se and
e o e Doty maton for e mersiomic_distances. n the. seconc
- . ~ ' coordination sphere of PbTe,Se solid solutions.
curves in Figs. 3 and 4. As is to be expected, the distribution It has been proposéd that the number of “modes” in

of the distances in the first-coordination sphere has a distin%e distribution of theA—A distances in ai\B._.C. solid
T 1-x>x

bimodal character. We shall define the relaxation paramete L . . .
&' for the A—C bond as the change in the bond length forgolutlon is determined by the number of different combina

o . . tions through which a pair oA atoms are bound, i.e., the
the extreme compositions of the solid solutiéyB;_,C, 9 b

lative to the ch in th interatomic dist distribution must be bimodal for lattices having a sphalerite
relative o the change in the average interatomic distance, o, +re and trimodal for NaCl-type lattices.

RC_—R,[AB] Thus, in processing our experimental data, we have be-
= ACO CO , gun with an attempt to find a set of parameters with which
Ras~ Rac the distribution of the Pb—Pb distances could be represented

We now discuss the validity of a single-mode approxi-

€
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and the fine structure components are relatively close to one
another, at distances of the order of the amplitude of the
thermal vibrations at 80 K. For the surroundings of |¢@aig).
10), on the other hand, a rather sharply expressed structure is
typical, with distances between the components that greatly
exceed the amplitude of the thermal vibrations. These results
confirm the general phenomertdnthat the distribution of
the distances between the atoms which undergo substitution
in the solid solutionAB, _,C, can be regarded as having a
single mode, while for atom pair8—A, it is more compli-
cated.
Figure 10 implies that the distribution function for atom
pairsA—Ain our solid solution with an NaCl structure cannot
R, A be described in the trimodal approximation. Nevertheless,
FIG. 9. Distributions of the Se—S4, 3) and Se—-Td2, 4) interatomic dis- the fine structure components can b? diVi-ded arbit-ra-‘r”y into
tanc-es.for PbTe ,Sg samples with<’:0.5(1, 2) andx’:0.05(3, 4), calcu- two grOUpS_’ whose centers of gravity dlf_fer S|gn|f|cantly._
lated by a Monte Carlo method. Therefore, it appears that, when the smearing of the curves is
not too great, it is possible to approximate the distribution
function by a sum of two Gaussians.
in the form of a sum of several Gaussians. Unfortunately, In order to check how well the Monte Carlo calculations
because of the large Debye—Waller factor for Pb—Pb pairf the distribution functions agree with the experimental
the range of data ik space within which the EXAFS oscil- data, we have used the functiogéR) found here to com-
lations were observed was limited and did not allow us topute (k) according to
determine the parameters for a trimodal modkeé solution Sﬁ g(R)
was unstable In the bimodal approximation, physically rea- x(k)= ?f(k) ——exd — 2R/ (k) ]sin 2kR
sonable values of the distances could be obtained only for R
compositions close to the binary compounds; neaf.5 the +(k)]dR
distance to one of the components of the coordination sphere v o
became unphysically large<(4.7 A). Since neither the tri- Then the synthesized curves were processed_ by the_ same
modal nor the bimodal description could be used for procesgNéthod employed for the experimental detae distance in

ing the data from all the samples, we were forced to limit theth® sécond-coordination spher&he interatomic distances
analysis to the single-mode approximation. and static Debye—Waller factors found in this way are plot-

Let us consider the distribution functiong(R) for ted as dotted curves in Figs. 5 and 6. The resulting curves are
Se—Se, Se—Te and Pb—Pb atom pairs calculated by a Monife good agreement with the experimental data, i.e., the
Carlo method(Figs. 9 and 1D It is clear that forx~0 and Monte Carlo calculations of the distribution function provide
x~1. the distribution functions have a fine structure. which gualitatively accurate description of the actual structure of
is smeared out as—0.5. The difference between the distri- the solid solution. S _
bution functions for Se—chalcogenide and Pb—Pb atom pairs OUr results, therefore, show that the distortions in the
is the following: for the surroundings of seleniuffig. 9), second-coordination sphere of atoms in the chalcogenide

the average Se—Se and Se—Te interatomic distances are clgslattice in PbTg ,Se solid solutions(where substitution
takes placecan be described with sufficient accuracy in a

single-mode approximation while, for the atoms in the lead
160 sublattice(not subject to substitutignit is difficult to find a
good working approximation and the best way out is to use
distribution functions calculated by a Monte Carlo method.
The experimentally measured Debye—Waller factors are
known to consist of static and dynamic terms which corre-
spond to static distortions of the structure and thermal lattice
vibrations. A Monte Carlo calculation only gives the static
part of the Debye—Waller factor. Thus, the observed discrep-
ancy between the experimental and calculated Debye—
Waller factors can be attributed to thermal vibrations. In the
first coordination spher@-ig. 4), the dynamic contribution to
: ) . the Debye—Waller factor is an order of magnitude greater
200 4.20 240 460 480 than the static contribution, even at 80 K. The difference in
R A the factors for Pb—Te and Pb—Se bonds appears to be related
to the substantial mass difference between tellurium and se-
FIG. 10. Distributions of the Pb—Pb interatomic distances for RPbJ®s, lenium atoms. A more detailed analysis of these data be-

samples with different compositions calculated by a Monte-Carlo method. e ;
1—0.052—0.253— 05 4—0.755— 0.95. ;;omes difficult because the phonon spectrum in RbJ®e

120
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80+
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bimodal'® The contribution of thermal vibrations to the And, although this quantity is positive, which is indicative a
Debye—Waller factor for Se—chalcogenide atom péHig.  potential tendency for the solid solution to decompose, the
8) turns out to be slightly greater for the atoms in the first-difference  between the calculated strain  term
coordination spherdthe movements of the atoms in the (U=0.38 kcal/mol¢ and the measuredH,, may be evi-
second-coordination sphere are more weakly correlaed  dence of the presence of chemical factors.

the measurements are independenk @b within the mea- Individual members of this group of factors may either
surement error. However, as Fig. 6 implies, for Pb—Pb atonincrease or reduce’ (the chemical bond lengthLet us
pairs, the thermal contribution depends»oriThe maximum  assume that in the solid solution under study here, their ef-
amplitude of the thermal vibrations is observedxat0.25. fects are compensated and the agreement between the calcu-
This results is qualitatively consistent with our earlier ddta, lated and experimental’ is good.

and this implies that the lattice of the PQTgSe solid so- The local concentrations of Se—$short-term order
lution with x~0.25 is “softer,” so that a phase transition can found in our experiments can be used to estimate the contri-
be observed when part of the lead atoms are replaced by tibution of chemical factors to the enthalpy of mixing. We

We now consider the features of the local structure ofshall take the temperatur at which the diffusion of the
PbTg ,Sg solid solutions. As shown above, the parameterchalcogenide atoms freezes out to be the temperature at
g’ was~0.36 for this solid solution, i.e., it is intermediate which two nearest chalcogenide atoms undergo exchange in
between the values observed previously in IlI-V and II-VI one second, which corresponds to a diffusion coefficient of
semiconductors with a sphalerite strucfuf@.05-0.24and D=2.10"15 cn?/s. The knowA! temperature variations of
in alkali halide crystals with an NaCl structdfe{~0.5). the diffusion coefficients yield an estimate bf~540 K and,

It is obvious that one of the main factors leading toin the approximation of a pairwise interatomic interaction,
changes in the bond length around an impurity atom is thgue have calculated how much greater the energy of an
appearance of elastic deformations caused by the differencge_Te pair is than the average energy of the Se—Se and
in size of the substituted atont® and C. As simple argu- Te_Te pairs:AE~0.5 kcal/mole (0.02e\) for a sample
ments show’ ¢ is determined by the crystal structur@u-  wijth x=0.5. This value gives an idea of the magnitude of the
tual position of the atoms in the latticeso that it is only  chemical contribution to the enthalpy of mixing, since atoms
meaningful to compare data obtained for identical structuresy, the second-coordination sphere do not interact through
Neglecting bond bending and displacement of atoms in thgeformations, so there is no strain contribution to this quan-
second- and further-coordination spheres with the same stiffﬂty_ A comparison of the values &fE andU obtained here
ness forA-B and A-C bonds,e’=0.25 was found for a ghoys that in the PbTe, S solid solutions the strain and

sphalerite structure ane’ =0.5 for an NaCl structure. The chemical contributions to the enthalpy of mixing are of the
more realistic Monte Carlo calculation done here, which tookSame order of magnitude.

the influence of all the factors listed above into account,  1ha se of a pairwise interatomic-interaction approxima-

. . :

yielded £'=0.35 and 0.21 for the two bonds in a 4oy ig not, however, entirely correct, since the atoms in the

PbTQ*XS@ solid so_lut|on W't,h an NaCl structure, which is goon_coordination sphere do not interact dire¢digher

n fa;'r agreemir:t W'tth _experltmgn:: | o b chemically or deformationally The development of short-

: owever, the strain contribution, alon€, appears *0 q’ange order is apparently associated with some sort of more

insufficient to explain all the experimental data. An attethpt complicated interactions involving three or more atoms. In
) S .

to calculates" by a Monte Carlo method for the alkali halide our experiments, the largest deviations from a statistical dis-

RbBr; Ix and KRB B crystals with an NaCl structure i of the chalcogenide atoms were observed at low Se
yielded values close to those found for PhT&Se , but dif- .
concentrations and showed up as an elevated number of

fering substantially from experiment. A large difference be'Se—Pb—Se configurations with 90° Pb—Se bonds. This sug-

tween experimental values &f for IllI-V and 1I-VI semi- . T : . .
. . . ests that there is a significant difference in the energies of

conductors with a sphalerite structure and those predicted . . . ) . R
e configurations in which atoms of given species lie in the

the deformation model has also been notitadle believe me and in differerp orbitals. These configurations can be
that these discrepancies are associated with another group ol ted sch mt’ v i .th followi g )
factors which can affect the local structure, namely, the sorepresented schematically in the following way-

called chemical factors, which take into account the indi-

vidual properties of the interacting atonftheir valence, Se\ /Te Se\ /Te
electronegativity and chemical bond type. Pb

These factors also show up in the thermodynamic prop- Pb
erties; thus, the enthalpy of mixing a solid solutidrH ,,, is /A /A

. . . Te Se Se Te

known to consist of two components, strain and chemical.
The total deformation energy calculated by a Monte Carlo It is not impossible that this behavior originates in pecu-
method is just the strain contribution foH,,. In 1ll-V and liarities of the chemical bond in IV-VI semiconductors, spe-

[I-VI semiconductors with a sphalerite structure, the straincifically its unsaturated character.

energy is in good agreement with the experimentally deter-  Using the strain approximation for calculating the bond
mined enthalpy of mixing® Unfortunately, the available lengths and pairwise distribution functions in the first- and
published data on the enthalpy of mixing of PhTgSg, ~ second-coordination spheres, therefore, provides a qualita-
solid solutions AH,,=<0.2kcal/mol¢ are not very exact. tively accurate description of the distortion in the structure of
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