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Lattice dynamics of CuAu-ordered CulnSe
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The lattice vibrational properties of CulnSeith CuAu-type ordering of the cation sublattice are investi-
gated theoretically by a first-principles calculations of the structure and the lattice dynamical characteristics
including zone-center optical mode frequencies, phonon dispersion and density of states, and elastic constants.
The results obtained for CuAu-ordered Culp@ee compared with related experimental data and comparative
theoretical calculations for the chalcopyrite phase of the compound. A critical analysis is given of the partly
contradictory experimental lattice vibration data reported for chalcopyrite CulnSe
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[. INTRODUCTION studied experimentally by a number of groups but the results
reported are partly contradictoly. First-principles
The ternary chalcopyrite compound CulpSand its al-  calculation$®!” of the vibrational properties of Culn$e
loys with CuGaSg are promising semiconductor materials gave agreement with several sets of experimental data, but
with practical application as stable and radiation resistantlid not give decisive hints how existing discrepancies can be
polycrystalline thin film photovoltaic solar cellsvith power  explained. It has been argued that incorrect assumptions
conversion efficiencies increasing steadily over the yearsabout the polarization conditions can be the reason for wrong
now exceeding 21% in laboratory devices and being close tmode assignments. The sensitivity of Raman backscattering
15% in modules produced commercidlfy/in contrast to the  spectra to surface preparation methods such as polishing or
progress made in device development many of the fundaetching has also been demonstratétHowever, it follows
mental properties of Culn$ere still not known with suffi-  from the analysis of published results by Ohrendetrfal 1°
cient reliability which is essentially a consequence of thethat these two factors are not sufficient to explain some of
complexity of the CuSe-InSe; pseudobinary phase the discrepancies observed in the experimental data. Indeed,
diagram? Bulk single crystals of CulnSewith chalcopyrite there are also severe differences in some of the optical mode
structure usually grown from stoichiometric melts using thefrequencies determined by infrared reflectivity® and Ra-
Bridgman technique reveal unavoidable compositionaiman scattering measuremétiton appropriately oriented
inhomogeneitie¥® independent of the specific growth condi- single crystals and thus under well defined polarization con-
tions. The capability of the material to accommodate rathedlitions. Discrepancies have also been observed for the elastic
large deviations from stoichiometry observed experimentallyproperties of CulnSe Linear compressibilities calculated
finds its explanation in the formation ¢1) high concentra- from elastic constants determined by inelastic neutron
tions of native point defect§ (vacancies, antisite defects, scattering® are in clear contradiction to the results of pres-
interstitial9 and point defect complexés,(2) structural sure dependent x-ray diffraction structure stuthemd elas-
defect$'? (dislocations, stacking faults, twins(3) orienta- tic constants calculated on a first-principles b3sis.
tion domains''? separated by small angle domain The possible influence of orientation domains on the lat-
boundaries? and (4) inclusions of secondary phases in thetice vibrational properties of CulnSesamples has not been
chalcopyrite matri¥:**** Considering this complex defect investigated or discussed so far. Theoretical calculations of
situation and its dependence on the specific deviation fronthe formation energy for different Culngpolytypes® have
stoichiometry}” the possible influence of the various types predicted that the type-1 CuAu structure is nearly isenthalpic
of defects on the physical properties of the material must bavith the chalcopyrite structure which suggests the coexist-
taken into account in analyzing and interpreting related exence of CuAu-ordered phases in nominally chalcopyrite
perimental data. CulnSe. Calculations for Culnggave similar resulté® Re-
The lattice vibrational properties of CulnShave been cent experimental observations of coexisting chalcopyrite
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TABLE I. Calculated lattice parametessandc, internal parameteu, as well as bond lengtht,.sc.and
din.se Of chalcopyrite and CuAu-ordered CulnSé comparison with room temperature experimental data.

a(A) c(A) u deusdA)  din.sdA) Method

Chalcopyrite  5.880 11.833 0.2177 2.447 2.66mb initio, this work
5.7821) 11.62@1) 0.2355) 2.458 2.559 x-ray powder diff(Ref. 43
5.7841) 11.6165) 0.2243) 2.424 2.598 x-ray powder diff(Ref. 44
5.7811) 11.6423) 0.226@2) 2.433 2.589 x-ray single cryst. difftRef. 45
5.7604) 11.5917) 0.230%7) 2.436 2.565 x-ray single cryst. difftRef. 49

CuAu-ordered 4.181 5.850 0.2181 2.449 2.66&b initio, this work
4.088 5.810 0.2245 2.425 2.596 electron difRef. 28

and CuAu-ordered phases in epitaxial layers of both CuinSeThe long-range macroscopic electric field accompanying dis-
(Refs. 27,28and Culn$ (Refs. 29,30 confirmed these pre- Pplacements of atoms in polar crystals splits longitudinal and
dictions. Furthermore, preliminary Raman scatteringtransverse frequencies of infrared active optical modes. It
studie$®31320f these epitaxial layers revealed several addi-can be considered in the dynamical matrix by a nonanalytical
tional optical modes which have been tentatively ascribed tgontribution, proposed by Pickt al,*” depending on Born
the CuAu-ordered phase of these compounds. Taking intéffective charge tensors and the high-frequency dielectric
account that orientation domains with the type-1 CuAu strucconstants.. . In the present calculations we used Born effec-
ture have also been observed in CulpSimgle crystal¥ it tive charge tensors ane, of CulnSe calculated from first
cannot be excluded that the presence of these domains givegnciples by Parlak and Eryidit for chalcopyrite structure.
rise to modifications of the lattice vibration spectra and elasFor CuAu-ordered structure with significantly different an-
tic constants measured experimentally. It was the aim of théons neighborhood we reduced charge tensors to point effec-
present work to clarify this point. For this purpose, we havetive charges.

performed a comparative first-principles calculation of the Elastic constants were calculated from stress-strain rela-
lattice dynamical properties of CulnSen the chalcopyrite tionships defining the elastic constants as coefficients in the
and CuAu-ordered phases. The results obtained are used @eneralized Hook’s laf/: For this purpose the crystal must

critically discuss experimental data on the lattice dynamicape deformed from its equilibrium shape by a set of tetragonal
properties®?223 of nominally chalcopyrite CulnSepub-  and shear deformations of different sizes. The stress tensors

lished in the literature. calculated for each deformation are then used to build a set
of linear equations for independent elastic constants. To build
the equation for the elastic stiffness constants we have used
five tetragonal deformations of the supercells alengndc

A. Calculation method axes and three shear deformationsyimand y angles.

Il. RESULTS AND DISCUSSION

The calculations were performed on &2X1 supercell
(64 atoms for the chalcopyrite structurespace group42d, B. Structure
No. 122 and a supercell of the same size for the CuAU-  The calculated structure parametars, andu as well as
ordered structuréspace groug4m2, No. 115 using the bond lengthsdq,.sc and d;,.sc are displayed in Table | and
first-principlesvasp packag@® in the framework of the plane compared to experimental data determined by x-ray
augmented waves approximatior® with gradient powdef3** and single crystal diffractidfi*® for the chal-
corrections:’*8 In the reciprocal space summation was car-copyrite phase and by electron diffractirior the CuAu-
ried out using X 2X 2 k points mesh generated according to ordered structure. There is some scatter in the structure pa-
the Monkhorst—Pack scherfiéDuring optimization of the rameters for CulnSewith chalcopyrite structure which can
structure parametefattice parametera andc, internal pa- be ascribed to some variation of the elemental composition
rameteru) we used periodic boundary conditions with con- of the samples investigatéd The calculated lattice param-
straints according to the respective space groups. etersa and ¢ overestimate the experimental values for both

The frequencies of the transverse optical phonon modestructure types, despite the scatter in the experimental data
were calculated using the force constants direct mett. for the chalcopyrite phase. The calculated internal structure
The complete set of Hellmann-Feynman forces was obtainepgarametersi are smaller than the experimental ones, but they
from small atomic displacements. For both the chalcopyriteare practically equal for both structures in agreement with
and the CuAu-ordered structures a minimal set consists afxperiment, the difference being as small|Asi|=0.0004.
seven necessary displacements: alengnd z axes for Cu  The difference in the calculated bond lengths for the chal-
and In atoms and along, y, and z for Se atoms. Using copyrite and CuAu-ordered structures is also smalid;|
symmetry elements the force constants were derived, the dy=0.002 A for both the Cu-Se and In-Se bonds.
namical matrix constructed, and finally phonon frequencies In order to roughly estimate the systematic error to be
were calculated for selectddpoints in the Brillouin zone. expected in calculating phonon frequencies it is useful to
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compare calculated and experimental bond lengths. Fron -7 — T T T T 7
Table | it seems obvious that the calculated Cu-Se bonc
length is in the range of the experimental values. However,
EXAFS determinations of the Cu-Se bond length in bulk g -3

= i
crystal$®*® and thin films®*! gave always values in the £
rangedc,.se=2.424 to 2.436 A, in agreement with the ma- %
jority of x-ray diffraction measurements given in Table I. 3 ;4 4

Moreover, bond lengths in the same range have been foun'%"
by Merino et al*” for samples with compositions close to §
exact stoichiometry. Therefore, we come to the conclusion g ol — ¢ |
. . &= uAu-ordered
that the calculated Cu-Se bond length only slightly overesti- — —— chalcopyrite
mates the true one by not more than 0.01 to 0.02 A. On the
other hand, the In-Se bond length is distinctly overestimated T
by more than 0.065 A because EXAFS measurenfénis, R0 50 100 150 200 250 300
and the x-ray powder diffraction studies by Merigbal*’ temperature (K)
gave also values below or closedg__Sez 2.60 A, Th's. over- FIG. 1. A comparison of the total Helmholtz free energies of the
estimate of t_he In-Se bond length is expected to give rise t%halcopyrite and CuAu-ordered phases of CunSe
an underestimate of the corresponding bond-stretching force
constanf?*3and consequently to a systematic underestimate _
of vibrational mode frequencies dominated by the In-Se C. Optical phonons
nearest-neighbor interaction. Some underestimate of fre- In order to evaluate the accuracy of our calculations we
quencies is also expected for modes dominated by Cu-Srst consider the results obtained for the chalcopyrite phase
nearest-neighbor interaction but this effect should be lessf the compound. The calculated frequencies of the Raman
pronounced because the difference between the calculateg@tive A, and B; modes, the optically inactivéd, modes,
and experimental Cu-Se bond lengths and thus in the respegnd the transverse and longitudinal modes of the infrared
tive bond-stretching force constants is not as large as in casgtive B, and E phonons are given in Table Il. Because of
of the In-Se bond. existing discrepancies in the literature data some care is re-
The coexistence of the chalcopyrite and CuAu-orderedyuired in choosing experimental data for comparison with
structures in CulnSeepitaxial layer8 and, in particular, the theory. As representative for the results of infrared and Ra-
presence of orientation domains with CuAu-ordered strucman scattering studies we have included in Table 1l the mode
ture in bulk single crystal$ suggest a very small total en- frequencies obtained by the only infrared reflectiiy°and
ergy difference between both structure variants. The totaRaman backscattering measurem&merformed under well
Helmholtz free energ¥ of a crystal can be written as a sum defined polarization conditions using single phase and appro-
of two contributions priately oriented CulnSesingle crystals. Room temperature
polarized and unpolarized infrared studies(df2)-oriented
single crystals*°°® polycrystalline bulk sample¥, powdered
material embedded in polyethylefre,and polycrystalline
thin films?’ polarized Raman scattering measurements on

whereE is the ground state energy from the first-principles (00~ and (100-oriented epitaxial layer¥)* as well as

calculation. In harmonic approximation the phonon free enPolarized® and unpolarizetf***Raman scattering studies
ergy F o, Of the primitive cell is given by of (112)-oriented single crystals gave always mode frequen-

cies in good agreement with the respective room temperature
data of Table Il. All these modes have also been found in the
o Raman spectra measured at 100 K, partly with slightly en-
Fon(T)= kBTf dog(w)In{2 sinfZiw/(2kgT)]}, (2)  hanced frequencies as reflecting the temperature dependence
0 of mode frequencie$Table 1. In addition, Taninoet al?!
have identified three modes supposed to b8pymmetry
where w denotes the phonon frequendy,the Planck con- and two other modes with frequencies given in brackets in
stant,kg the Boltzmann constant, affdthe temperature. The Table Il and claimed to have symmetry. The Raman scat-
phonon density of stateg(w) was calculated by sampling tering dat&® for CuAu-ordered CulnSelead us to the as-
the dynamical matrix in 50 000 randomly selected wave vecsumption that these two modes are caused by orientation
tors in the whole Brillouin zone. The result of our calcula- domains with CuAu-ordered structure in the chalcopyrite
tions is depicted in Fig. 1. As can be seen the difference ofatrix and are identical with the longitudinal modes at 186
the total Helmholtz free energies is about 1.8 meV/atom aand 233 cm*. Furthermore, the frequency of 179 cinfor
T=0 K and is even slightly reduced going to higher tem-the B mode appears doubtful and must probably ascribed to
peratures, taking a value of about 0.8 meV at 300 K. Thighe A; mode. Indeed, mode leakage gives rise to more or less
result agrees with the theoretical predictions by Weipronounced peaks of the intengg mode at 178 cm’
et al?>?®and explains the coexistence of both phases in eptTable 1l) in the spectra for all polarization configurations
itaxial layers and bulk single crystals of the compound. presented by Taninet al,?! and there is no reasonable argu-

F=E+Fp, (1)
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TABLE II. Comparison of calculated mode frequencigscm™ 1) for chalcopyrite CulnSewith experimental data obtained by infrared
reflectivity (IR), Raman scatteringR), and inelastic neutron scatteririy) measurements. Two numbers in a row correspond to TO/LO

frequencies.

Mode ab initio IR(300 K) IR(300 K) R(300 K) R(100 K) N(300 K)
this work (Ref. 19 (Ref. 20 (Ref. 21 (Ref. 21 (Ref. 33

A, 169 176 178 178

A 175 197

A3 162 161

B} 206 229 207

B2 149 179 159

B3 81 67 62

B} 197/210 213/233 214/232 215/233 217/233 238

B3 173/182 179/195 181/193 —/198 177/200 194

B3 67/68 64/65 64/65 70/71 70/72 55

E! 199/211 213/230 213/229 217/230 217/233 215
(2271230

E? 193/197 206/212 207/212 211/— 211/216 198
(188/188

ES 171/174 178/182 179/183 181

E* 132/132 137

ES 69/69 77177 78/78 70

ES 60/60 58/60 60/61 53

ment to suppose that th, mode does not contribute to the CulnSe. The results of a polarization-dependent infrared re-

spectrum selecting the very weakly scatteriBg modes
which are hardly detectable in Raman backscattering experient

flectivity study reported by Syrbat al
with the results of other

|68

are also inconsis-
polarized infrared

ments of chalcopyrite compoundfsThe results of an inelas-  jnyestigation®2%54550f the compound. In addition to the

tic neutron scattering study of chalcopyrite CulpSéngle
crystals at room temperature and atmospheric preSsur
added in the last column of Table Il confirm these supposi
tions. In particular, all sbE modes have been identified, and
the two E modes missing in all room-temperature Raman
spectra reported in the literatdfé!°8°961.62have been
found to have frequencies of 137 and 181 ¢mthe latter
being identical with the modE® observed in infrared reflec-
tivity spectra(Table 1l). Derollez et al*® do not give error
limits of their mode frequencies,
investigatiofi® of AgGaSe gave in some cases deviations up

but an analogous

clearly pronounced deviations of the mode frequencies from
€those of Table II, theE mode spectra presented by these
‘authors exhibit six distinct structures which has never been
observed

in CulnSe with stoichiometric or near-

stoichiometric composition, even under conditions of mode
leakage effects due to incomplete polarization conditions.
Syrbuet al®® do not give any information on the composi-
tion or the structure of their samples. However, if they have
used only routine x-ray diffraction measurements to charac-
terize the material, it cannot be excluded that they have mea-

to about 7% from mode frequencies precisely determined byuréd one of the indium-rich compounds of the Cu-In-Se
Raman scatterin®f: Admitting a similar maximal uncertainty Systeém such as, for instance, Iy Se, or Culn;Se; which

in the present case the results of the neutron scattering studso crystallize in tetragonal structuf@svith lattice param-
compare well with the infrared and Raman data. In view oféters very close to those of CulnSe=rom a comparative
this fact the infrared, Raman, and neutron scattering datRaman scattering study of these compoufidsis evident

given in Table Il can be considered as a reliable basis fothat there are essential changes of the lattice vibrational
comparison between theory and experiment for chalcopyrit@roperties going from chalcopyrite CulnSt® the indium-
CulnSe. rich compounds caused by changes in the space group and in
Concluding the discussion of experimental data forthe bond configuration8:’*
CulnSe with chalcopyrite structure it must be noted that Finally, the unpolarized Raman scattering study by Rin-
there is also literature data which distinctly deviates from thecon et al.”® can be considered as a typical example for the
data of Table 1l. The mode frequencies determined by Gainfluence of inclusions of secondary phases in the CulnSe
et al®® using polarization dependent infrared reflectivity andbulk matrix on measured spectra. Six of the eight vibrational
Raman scattering measurements on nominally Cyle8es-  modes identified by these authors have frequencies identical
tals differ completely from the results of all later investiga- with those of theA,, B% (LO and TO or E* (LO and TO,
tions of the compound, but resemble the optical mode freE? (TO), E°, and E® modes of Table Il and thus exactly
quencies reported for CuGasE?%%¢6"Thus, it is rather reflect the number and frequencies of modes detectable in
likely that Ganet al®® have measured CuGaSand not chalcopyrite CulnSgby measurements at room temperature.
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The remaining two modes have frequencies of 259 and TABLE Ill. Frequenciegin cm 1) of optical modes in CulnSe
124 cm'! which are indicative of the presence of copperwith CuAu-ordered structure. Two numbers in a row correspond to
selenide inclusions known to exist as binary secondaryO/LO frequencies.

phases in slightly copper-rich materfdl.Indeed, the higher -
frequency is very close to that of the fully symmetdg Mode Theory Experiment
mode at 260 cm® in CuSe (Ref. 74 and to that of an

: ) " - ; 203/220 216/233
intense Raman active mode at 263 ¢nin CuSe’> and both A, 190 195
compounds have also Raman active modes around El 188/200 i
120 cm L. 2
. . . 169/177 —/186
Now, comparing our calculated optical mode frequencies 2
. . . - . B3 129/131 130/—
with the experimental data compiled in Table Il the following £3 53/57 53/

trends are obvious. First, except for tB§ mode, the fre-
quencies of the other low-energy modg$ E®°, andE® are

rep_roduced with an accuracy which corrqsponds to the Xan activeA; mode because in this case mode intensity
perimental error limits. Since the frequencies of these modes . . o .

. . . .~ enhancement is due to deformation potential interattion
are essentially determined by bond-bending forces or inter:

action between second-nearest neighfoitscan be con- which has been found to be much weaker or even negligible

cluded that the corresponding interaction parameters are d%33259§£§d with the intensity enhancement of longitudinal

scribed with sufficient accuracy in the theoretical approach

. . Table Ill displays the result of the theoretical calculations
used in the present study. Secondly, the greatest underesti- ) . :
e : with the modes ordered in a sequence with descending fre-
mate of mode frequencies in the range of 7 to 11 % is ob-

1 o1 pl el 5 quency. The symmetry assignment proposed for the optical
served fgr the;, By, By, B, ‘;’mdzE rr;odess where4as the modes found experimentally is based on the following argu-
frequencies of the modes,, Aj, Bj, By, E°, andE™ are oo The calculated frequency of tBd mode for the
underestimated by less than about 4%. This tendency reﬂec@uAu-ordered structure is only slightly higher than the cal-

the differences between calculated and experimental Cu-S ; 1 1 ; _
and In-Se bond lengths as discussed in Sec. Il B. Accordin&l"mEd frequencies of tfe" andB; modes in the chalcopy

to theoretical calculations with different phenomenologicalgte phase(Table 1. This result suggess the conclusion that,

models®28the frequencies of the former aroun of modes are2s in the chalcopyrite structure, this mode is dominated by
’ q group In-Se bond-stretching vibrations with contributions of nearly

mainly determined by the In-Se bond stretching force con- . : :
.. the same magnitude due to bond-bending forces in both

stant and, therefore, are expected to show a larger deviatio Lo )
. . structures. But then, considering the experimental frequen-

between theory and experiment than the frequencies of the

second group of modes which essentially depend on th§!®s .Of the chalcopyrité€” and Bé modes(Table ), it is
Cu-Se bond-stretching force constant Justified to suppose that the strong peak at 233 tand the

Taking into account these trends in the differences beMUch weaker structure at 216 chare theB3(LO) and
tween theoretically calculated and experimentally measure§2(TO) modes, respectively, of the CuAu-ordered phase.
mode frequencies of chalcopyrite CulpSee are now able Next we have the fully symmetrié; mode which involves
to analyze the experimental Raman scattering data for th@nly displacements of the anions, with the cations remaining
CuAu-ordered phase of the compotfid? In this structure ~at rest in both structure types. The calculated frequency of
the lattice vibration spectrum consists of 12 vibrationalthis mode in the CuAu-ordered structuf@able Ill) is
modes, and the 9 zone-center optical phonon normal model cm * higher than in the chalcopyrite structufEable Ii).

decompose according%o Thus, comparing with experiment the most likely candidate
for this mode is the weak peak observed at 195 tmhich
T op= 1A, +2B,+ 3E, 3) is 19 cm ! higher than the experimental value of tiAg

mode frequency in chalcopyrite CulnSeSince the main
where all modes are Raman active, andBieandE modes  contribution to the frequency of this mode stems from Cu-Se
are infrared active. Careful analysis of the spectra recordednd In-Se nearest neighbor interactféri® which should be
under conditions of resonance enhancement of Raman intenearly equal in both structure types, this large frequency shift
sities revealed two intense peaks at 186 and 233cand can only be explained by a larger contribution of the bond
four much weaker peaks at 53, 130, 195, and 216 trithe  bending energy in the CuAu-ordered structure. It is interest-
proposed symmetry assignm&haf some of these modes on ing to note that a frequency shift of th% mode of nearly
the basis of polarization dependent measurements alone rite same magnitude has been observed experimentally and
mained speculative because resonance enhancement pi®ved theoretically going from the chalcopyrite to the
known to break the selection rules valid for nonresonant RaCuAu-ordered phase of CulnS? The two following modes
man scattering® However, in analogy to the results of reso- E* and E? are both possible candidates for the intense lon-
nance Raman scattering studies on chalcopyritgitudinal mode at 186 cimt. Taking into account that the
compound&®° it seems justified to suppose that the strongcalculated frequencies belong to transverse modes and that
peaks are due to longitudinal modes caused by the strorifpey probably underestimate the true frequencies by the same
Frohlich electron-phonon interactidfi.The other peaks are amount as in case of th&; mode we tend to identify this
most likely due to transverse optical modes or the only Ramode asE?(LO). Eventually, the symmetry assignment of
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CulnSe. Of the nondestructive optical characterization

— methods only Raman spectroscopy can be considered as a
— ] promising tool in order to detect traces of CuAu-ordered re-

§ — | e————— gions in CulnSg bulk single crystals or thin films, either by

employing the difference in the frequency of the fully sym-

=

[

metricA; mode or by exciting the spectra with photons close
to 2.4 eV giving rise to the strong intensity enhancement of
the E(LO) mode at 186 cm*.?®

frequency (THz)
I /

] - D. Elastic constants

| The elastic stiffness constants of chalcopyrite Cujnge

0 termined by inelastic neutron scattefAcare inconsistent

0 0.25/0 0.25 0/0.25 0 0.5 . . . .

() wave vector & with the results of pressure dependent investigations of the

structure of the compoufd and differ also considerably

FIG. 2. Calculated phonon dispersion curves (@rthe CuAu-  from stiffness constants calculated on a first-principles

ordered andb) the chalcopyrite phase of CulnSe basis?* A number of possible reasons for these discrepancies

have been discusséfiamong them the existence of orienta-

tion domains with CuAu-ordered structure in the chalcopy-

the two remaining structures at 53 and 130 ¢nis straight- ite matrix of th mpound. To clarify the influen f h
forward because calculated and experimental mode frequerrl-e atrix ot the compound. 10 cia fy € influence ot suc
domains on the effective average elastic parameters mea-

cies are in surprisingly good agreement, similar to what iSsured experimentally we have calculated the elastic constants
found for the low-frequency modes of chalcopyrite CulnSe P y

(Table 1) for CulnSe with CuAu-ordered structure. The results ob-
j tained are compiled in Table IV, together with the experi-

Comparing the results presented in Tables Il and Il it is . o
obvious that, except minor differences in the frequencies alrlnental and theoretical elastic stiffness constants for the chal-
' '~ copyrite phase of the compound.

he inf i f the CuAu- h f the com . .
the infrared active modes of the CuAu-ordered phase o From Table IV it is obvious that the elastic properties of

CulnSe have counterparts in the chalcopyrite phase. TheCuAu-ordered CulnSeare distinctly anisotropic, in contrast

only exception is theA; mode having a distinctly higher . .
fre(;/uencypin the CuAufordered phasge. A compar}i/songof théo the pseudocubic behavior observed for ternary compounds

cr?lcuLe_lted_ P:‘OT‘OU dlr']splers[on C_ij)rv@_'sg. I2) ShOWS_ Cle?r:)y h TABLE IV. Elastic stiffness constants; (in GP3 of chalcopy-
that this similarity in the lattice vibrational properties of both i ‘24 cuau-ordered Culnge

structure types is not restricted to the zone-center phonons
In both cases there is a band of high-energy vibrational

. Chalcopyrite CuAu-ordered
mo_des in the frequency range from about 5 to about 6.5 THz experiment(Ref. 22 theory (Ref. 24 theory
which is separated from the broad band of low-energy
phonons by a gap having a width of about 0.5 THz. Thec;; 97.0 71.0 91.8
phonon densities of states are nearly identical in both struass; 108.9 63.3 69.7
ture types(Fig. 3. Based on these results we come to thec,, 36.2 455 28.2
conclusion that infrared optical investigations of the latticecg, 31.6 47.4 12.3
vibrations or measurements of material parameters depends, 59.7 453 305
ing on the phonon density of states are unsuited to distinc,, 86.0 45.3 46.1

guish between the CuAu-ordered and chalcopyrite phases ef
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with chalcopyrite or defect stannite structure having stiffness Ill. CONCLUSIONS

constant ratiosss/Cyy, Ceo/Cas) aEdC“/Clz_Wlth onlzsmall We have presented the results of a comparative first-
deviations from the ratios;3/C11=Cgg/Ca4=Cq3/C1o=1 fOr

a cubic latticé*8L82This anisotropy is a consequence of the principles calculation of the structure parameters and the lat-

o . Lo (}ice dynamical properties for the CuAu-ordered and chal-
direction dependent cation ordering in the CuAu-ordere Lopyrite phases of CulngeThe frequencies and symmetries
structure: cation planes in tH801] direction are alternating pynte p q Y

Cu and In monolayers whereas the cation planes intgé| Of. five optical phonon modes are determined fc_)r CutnSe
- ; . with CuAu-ordered structure. Based on the experimental and

and[010] directions are occupied with equal numbers of Cu . . L .

and In atom&%83 theoretical results obtained it is shown that some of the in-

Since the elastic stiffness constants of the CuAu—ordereaOnSiStenCies in thg experimental op'tical' phpnon data re-
phase differ from those of the chalcopyrite phéEable 1V) ported for chalcopyrite Culn$énave their origin in the pres-

it cannot be excluded that the presence of CuAu-ordered ddz oo of CuAu-ordered domains in bulk single crystals of the

mains leads to some differences between measured and trg mpound. This result finds its explanation in the very small

) . . ifference between the total energies of both structure types
e'as“9 constants of cha_llcopyrlte CulpSdo estimate the redicted to be below 2 meV atgelevated temperaturesy F;c—
magnitude of this effect it would be necessary to analyze th%:)ording to our calculations. The frequency range covered by

elastic properties of an elastically and structurally inhomoge-

neous system consisting of a matrix with chalcopyrite struc-the zone-center vibrational modes, the phonon dispersion,

ture and an unknown number of randomly distributed CuAu—and the phonon density of states are very similar for both

ordered domains of varying size and differentstructure types. Furthermore, the frequencies of the infrared

crystallographic orientation with respect to the host Iattice.rnOdes of the CuAu-ordered phase deviate only slightly from

The presence of CuAu-ordered domains in CulnSegle mode frequencies observed for the chalcopyrite phase. The

crystals has been proved only by highly sensitive methodsonly exception is the fully symmetrié, mode having a

transmission electron diffractiéh and, according to our d:igzggdhIg:;esrtigesczil;fenr;iIgoi:gmgr%?r?ﬁeC(lljtljrislf(?rZered
analysis of the low-temperature Raman scattering data o

Tanino et al?* (Table 1)), by the occurrence of resonance p_hase differ clearly from those calculated for the chalcopy-
enhanced but nevertheless rather weak structures in the spégg ph(?sc? of _the.cor_npcl)und, bult thghpreszncg of Curfllj'
tra due to the two high-frequency longitudinB, and E 2{) ergt ?matms n smgte cr)lls.tas W'tt. prg_ ominant chal-
modes of CuAu-ordered CulngeOn the other hand, the pynte structure cannot explain existing discrepancies in

additional reflections characteristic of the CuAu—orderedrelated experimental data.
structuré® have never been observed in x-ray diffraction
studies of CulnSgcrystals?®~* Therefore, it is justified to
suppose that the fraction of CuAu-ordered regions in bulk
CulnSe is relatively small, certainly below 2%. Conse-  This work was partially supported by the State Committee
quently, only a very small or, may be, even negligible influ-of Scientific ResearciiKBN), Grant No. 5 PO3B 028 21.
ence of the CuAu-ordered domains is expected on the me&alculations have been partially performed in the ACK Cy-
sured elastic constants for a crystal with chalcopyritefronet AGH, computational Grant No. KBN/SGI2800/IFJ/
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