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Phase transitions in defect chalcopyrite compounds under hydrostatic pressure
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Tetrahedrally bondedGaX, (A=Cd, Zn; X=S, Se compounds crystallizing in defect chalcopyrite and
defect famatinite structures have been studied by Raman spectroscopy under hydrostatic pressure. The
pressure-induced changes in the Raman spectra of both ordered defect chalcopyrite and partially disordered
defect famatinite structures were attributed to an order-disorder phase transition in the cation sublattice, which
proved to occur in two stages, as predicted by Bernard and Z(Rbygs. Rev. B37, 6835(1988]. The first
stage of the transition was found to depend on the tetragonal distortion of the initial crystals. An irreversible
disappearance of Raman signal at elevated pressures was observed and attributed to a phase transition from the
adamantine structure to a high-symmetry rocksalt-type structure. The pressure of this transition in the com-
pounds under consideration exhibits a dependence on bond ionicity and bond length. The structure of decom-
pressed samples was explained on the basis of pressure dependence of potential barriers for the phase transition
by using a configuration-coordinate mode$0163-182008)05145-5

I. INTRODUCTION spectra were found to undergo substantial changes around 60
and 100 kbar, due to an order-disorder phase transition in the
Most of ternary adamantine semiconductors with thecation sublattice, which occurs in two stages, in accordance
chemical formulaA""B}'C}' crystallizes in the defect chal- with earlier predictiond? Further investigations of DC ma-
copyrite (DC) tetragonal structure. This structure is close toterials under pressure could be of interest for establishing the
that of chalcopyrite(CP), except that the DC compounds general systematics of phase transitions in ternary com-
contain a crystallographically ordered array of vacanciegounds, sincé\"Bj' C}' semiconductors can be obtained in
(known as stoichiometric voidisn the cation sublattice. The gitferent crystal structures depending on the technological
low packing efficiency of constituent atoms in the lattice oo gitions of crystal growtf?—1°

facilitates the doping of DC compounds by impurities and o the other hand, it is a well-known fact that many semi-

the fprmauon of so||d_so|ut|oqs. pC semlco_ndL_Jctors ar€onductors and their alloys undergo a solid-solid phase tran-
promising optoelectronic materials due to their high value

of nonlinear susceptibility, optical activity, intense Iumines—SSition from disordered structure to an ordered one when the
pUbIity, op Y, temperature is lowered below a critical vallig.1*~*®This is

cence, and high photosensitivity. Some device structures like . .
tunable filters on CdG&, and UV photodetectors on related to the fact that different constituent atoms tend to

CdALS, have already found practical applicatiorfs occupy definite sites in the lattice and, as a consequence,
A .

Structural studies of semiconductors present increasin%)ng'r"’mge order sets in the c'rystal strugture l_)eTQWTh'S
interest in relation to pressure-induced phase transitions, ifi €ct has alreedy been Stuv?'ed extensively in tetrahedrally
particular. Numerous studies of 1-VI, 11Il-V, and IV-IV com- PondedA"BYC; andA'B"C;' chalcopyrite compounds.
pounds have imposed the general understanding of transi- There are two basic differences betweenAf®"'C3' and
tions and high-pressure phases, and established structurdiB)'C}' families. In the former, the valence difference of
systematics within each of these systeffi®hase transitions the disordering cation@\ andB) is two, whereas in the latter
in AIB"'CY' chalcopyrite semiconductors have been investidit is only one and, in addition, there exists an array of vacant
gated in considerable detail elsewh&réHowever, only a sites in the crystal latticE. From this point of view, the
limited number of high-pressure studies have been perdisordering process in the DC compounds is energetically
formed on defective\"B)' CY' compound$=° Thus, it has more favorable, hence more probable to occur. Some order-
been established that the DC Cg8 single crystals trans- disorder effects have been observedtB}' C}' compounds
form from the adamantine structure to a higher symmetrywith increasing temperatuf@?* Cation ordering and crystal

rocksalt-type structure at pressured440 kbar. The Raman structures irA”GazxX' compounds have been investigated in
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details elsewher® A simple relationship was suggested " ' ' T
there between the/a ratio and the cation sublattice order- (@  CdGa,s,
ing.

The goal of this work is to study phase transitions, includ-
ing order-disorder phenomena, in tetrahedrally bonded
A'"GaX}' compounds with different initial degree of cation
disorder, using Raman scatterifBS) spectroscopy under
hydrostatic pressure.

135

107

i

Il. EXPERIMENT

Single crystals ofA"GaX}' compounds A=Cd, Zn; X
=S, Se were grown by the chemical transport method, the
iodine being used as a transport agerthe as-grown
samples represent triangular prisms with mirror surfaces.
Chemical and structural analyses have proved the stoichio-
metric composition of the crystals and no spurious phases
were observed.

The Raman spectra under pressure were taken in a 700 200 200 400
diamond-anvil cel(DAC) at ambient temperature. No polar- RAMAN SHIFT (cm™)
ized measurements were performed under pressure because
of the depolarization of the exciting light by the windows of
the pressure chamber. A 4:1 methanol-ethanol mixture was b' ' ' Tob
used as a pressure-transmitting medium. The pressure was (b) CdGay,S, 10a
calibrated to within 0.1 kbar using the ruby luminescence 9%
lines. The spectra were measured with a double spectrometer Z:
in a nearly backscattering geometry. The 514.5-nm line of an 8a
argon laser was used at power level around 30 mW. The
laser spot on the sample was »®n in diameter and the
resolution was better than 1 ¢rh
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lll. RESULTS

We have undertaken a RS studyAlfGa,X}' compounds
(A=Cd, Zn;X=S, Se under hydrostatic pressure up to 300
kbar. These compounds are characterized by a variety of
structures caused by different degrees of ordering among the 4a
cations and vacancies in the cation sublattice. The com-

*—0 9o —0 O 00 o5 o
pounds withA= Cd crystallize in the cation-ordered DC te- 100+ 5
tragonal structure with the space group(sﬁ, point group bt

S,).?27%5 While compounds withA=2Zn crystallize in the 0 50 100 150
defect famatinite(DF) structure having the space group PRESSURE (kbar)

142m (D35, point groupD,4) and characterized by partially
disordered Zn and Ga catiof%?%?"The first-order RS spec-  FIG. 1. (8) Raman spectra of CdG®, at various pressuregb)

trum of the DC structure consists of 13 Raman-active opticaRaman shifts vs pressure for the Raman-active modes in £Ga
modes at the center of the Brillouin zone, namelj+35B Solid lines are quadratic fits. The notations are those of Table I.
+5E, of which B and E modes are also IR activ&.The

nonpolar A-symmetry modes correspond to oscillations of Figures 1a), 2(a), 3(a), and 4a) show the RS spectra of
the anions; the lowest-energh®’ mode, the so-called CdGaS, CdGaSe, ZnGaS,, and ZnGaSe, respectively,
“breathing” mode, is connected to symmetric oscillations of at various pressures. In order to analyze the pressure behav-
the anions surrounding a stoichiometric vacafityhe polar ior of different modes, a spectral deconvolution was used.
B- and E-symmetry modes exhibit LO-TO splitting. TH& ~ The mode frequencies were found to increase with pressure
modes correspond to vibrations of both cations and anions iimcrease except for the frequency of the lowestymmetry

the z direction, while theE modes correspond to their vibra- mode. The shifts as a function of pressure are shown in Figs.
tions in thex-y plane. The Raman-active modes of the DF1(b), 2(b), 3(b), and 4b) for CdGaS,, CdGaSe, ZnGaS,,
structure at the center of the zone aré;22B;+3B, and ZnGaSe, respectively. Solid lines in the figures repre-
+5E, i.e., one A-symmetry mode less than in the DC sent polynomial fits of the fornn = wy+aP+bP? with the
structure®® In addition, the RS spectra obtained from DF frequenciess andw, in cm™* andP in kbar. The assignment
crystals are substantially unpolarized and some peaks amd modes along with the values af,, a, andb are summa-
broadened’ These effects are caused by the disorder in theized in Table I. The mode assignments are based on earlier
cation sublattice. RS investigation§l32

200 .
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FIG. 2. (a) Same as Fig. 1 for CdG8e,. (b) Same as Fig. 1 for
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FIG. 3. (a) Same as Fig. 1 for ZnG8§,. (b) Same as Fig. 1 for

CdGaSe,. ZnGgS,.

The pressure dependence of the RS bands intensity is dife a diminution of the optical absorption coefficient at the
ferent for different materials and differs from mode to mode.wavelength of the laser line. As a result the optical path of

Let us first analyze the evolution of the RS spectra for thehe laser beam in the sample and the RS signal increase. At
DC crystals. Figure &) presents the pressure dependence ofhe pressure above 110 kbar the intensity of the modes starts
A mode intensity and the intensity of other modes normalto decrease and the RS signal disappears completely and ir-
ized to that of theA® mode in CdGsSe,. The intensity of reversibly at pressures around 150 kfsee Fig. %a) for Al
several bands does not exhibit large variations up to presnodd. The rate of the decrease differs from mode to mode.
sures around 110 kbar except for a sharp increase at loWhe absolute intensity of the modes near 275 trdrops
pressuregsee for instance, the mod¥ in Fig. 5a)]. The faster than that of the low-frequency modes. The more es-
increase of RS intensity at low pressures is caused by theential is the sharp decrease of tA8& mode intensity at
resonance moving away from the laser line with pressur@ressures above 55 kbar, while the intensityASf and 4
increase. The band gap of CdSa, at room temperature modes begins to increase.
and ambient pressure equals 2.57 eV, which is close to the We have also measured the pressure dependence of the
quanta energy of the 514.5-nm laser line. Sidé&g/dP is  full width at half maximum(FWHM) for those modes that
positive, an increase in band-gap energy with pressure lea@xhibit relatively high values of the signal-to-noise ratio. Up
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to 55 kbar, most of the modes exhibit a slight decrease withg & S ¥
pressur€fif not nearly constant FWHM, as shown in Fig. 2 0
5(b)]. At P>55 kbar the FWHM for most modes increases(_i‘ o) - o~ <
: > © N © O
with pressure. _ ey SIS ETYIQNOC o dy
An analogous behavior of the RS modes was observed i & 3PP AIINT gL IAD B
CdGa$S, crystals[see Figs. @) and &b)]. The sharp de- ¢ T — ™Mo
crease of théA®> mode intensity in CdG#&, occurs at pres- 3§ °© -
sures above 80 kbdrsee Fig. 6a)]. The FWHM of the 29 5 666000 o
modes starts to increase at the same pressures around 807 gE|REEEEEER 95 mgﬁ & o
Kbar. At bove 100 kbar the intensity of the mode§ £ | 2 2| for A G s w w T T T
ar. At pressures above ar the intensity of the mo e§ = =N oW ou o ul ur s
begins to decrease and the RS signal disappears completely © @
and irreversibly at pressures around 150 kijarg., Al w g
mode. @3 g Q 2902
The behavior of RS modes with pressure in DF crystals= S gl 3veetaa S
exhibits some difference from that of the DC crystals. Figure 2° -
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FIG. 5. (a) Right-hand side intensity axis: pressure dependence .
of the intensity of theAl mode for CdGgSe,. Left-hand side inten- ~ States under the bottom of the conduction band, caused by

sity axis: intensities of other modes normalized to that of Ade  the disorder in the cation sublatti¢elhis is the reason for
mode. (b) FWHM of some modes for CdG&e, at various pres- the sharper increase in intensity than in Cd&g at low
sures. pressures. The intensity of the modes starts to decrease at
pressures above 100 kbar and the RS signal disappears com-
7(a) illustrates the pressure dependence of the RS modegsetely and irreversibly at pressures around 180 kbar. The
intensity for ZnGaS, crystals. As the pressure increases thefirst minimum in the FWHM pressure dependence seems to
intensity of all bands decreas@sg.,A’ mode. At pressures be centered at the ambient pressure, the second one being
above 160 kbar the intensity of the modes starts to decreasecated near 105 kbar.
drastically and the RS signal disappears completely at pres- After releasing the pressure the RS signal in Cs#&a
sures around 220 kbar. The intensity of the mo@lesept and ZnGaSe, did not recover. In CdG&, and ZnGaS, the
for the A2 mode slightly increases up to pressures of aboutRaman signal was found to recover only at pressures below
160 kbar when normalized to the intensity of thé mode. 10 kbar. However, the recovered spectra were not similar to
The intensity of theA? mode decreases faster than that of thethe initial ones, exhibiting well-defined features of amor-
Al mode with increasing pressure. The FWHM of the modesphization(see Figs. 9 and 10Such pressure-induced amor-
exhibits two minima at pressures around 40 and 160 kbaiphization process has already been observed in IV and IlI-V

shown in Fig. Tb). tetrahedrally bonded material%;>® as well as in the DC
The behavior of the RS modes with pressure in Z388a  ZnAl,(;,)Ga,S, crystals and wurtzite-type Zn$,.
crystals is similar to that observed in ZnSa Figure 8 It is to be noted that the decompressed compounds

presents the pressure dependence offthenode intensity CdGaS, and ZnGaS, represent transparent crystallites.
and the FWHM for the most intensive modes in ZpSa. Apart from that, the intensity of the recovered RS signal for
The increase of RS signal at low pressures is caused, as these materials is much lower than the initial one for non-
CdGaSe, by the resonance moving away from the laser linecompressed crystals. In our opinion, this indicates that the
with pressure. The band gap of ZnSa, at room tempera- decompressed materials ZnSaand CdGaS, are only par-
ture and ambient pressure equals 2.58 eV. However, unlikBally amorphous and consist mainly of a Raman-inactive
CdGaSe, there is an extended exponential tail of electronhigh-pressure phase. Notice that the decompressed SdGa
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During the second compression of CdGathe intensity
10+ , of the A' mode of the DC phase increases at intermediate
'.-g A pressure around 30 kbar; at the same time some other modes
S can be distinguishe@ee Fig. 10 One can conclude that the
= 8 ] recrystallization of the DC phase occurs during the second
§ compression. If the pressure is increased higher than 30 kbar
w 1 the RS signal gradually disappears. However, the DC phase
6 1 proves to be quenched when the pressure is released from 30
3 kbar.
4l ]
IV. DISCUSSION
0 50 100 150 200 250 Essential changes in the RS spectrum of DC crystals be-
PRESSURE (kbar) gin at 55 kbar in CdGz5e, and 80 kbar in CdG&,. At these
. pressures one of th&symmetry modes sharply decreases in
FIG. 7. Same as Fig. 5 for ZnG#,. intensity while their FWHM starts to increase with pressure.

An analogous behavior has been observed in G8/Adrys-
and ZnGaSe, are opaque crystals, whereas the initial crys-tals of DC structure aP>60 kbar (see Ref. § and it was
tals are of red color. One can conclude that the decompresseelated to a transition from the DC structure to the cation-
ZnGaSe, and CdGaSe, belong to the quenched high- disordered phase, which has only twlesymmetry modes
pressure phase. like the DF structure. The disorder in the cationic sublattice

of CdAl,S, occurs in two stages, as predicted earliefhe

ZnGa,Se, 1100 . . ———
CdGa

5S4

L
-
o

A'MODE INTENSITY (arb. units)
INTENSITY (arb. units)

)
—

0 50 1 (‘)0 1éO 100 200 300 400

PRESSURE (kbar) RAMAN SHIFT cm")

FIG. 8. Pressure dependence of tAé mode intensity and FIG. 10. Raman spectra of Cdgs at various pressures during
FWHM for the most intensive modes in Zngse,. the second pressure cycle.
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second stage of disorder in Cd8)}, begins at about 100 kbar
(Ref. 9. The sharp decrease of the “breathing” mode inten-
sity is attributed to the involvement of stoichiometric vacan-
cies in the disorder process that leads to the violation of the
repetition law for the vacant sites. The mutual disorder of
both types of cations and vacancies implies a complete dis-
order in the cation sublattice that is responsible for the for-

FREQUENCY SHIFT (cm™)
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|, i

mation of a disordered zinc-blendelike phase. As one can see }3\ \O\\ \m\
from Figs. 5 and 6, the pressure of the second stage of dis- % L W
order, indicated by the sharp decreaseAdfmode, is about -4t N\ %o \.
110 kbar in CdGgbe, and 100 kbar in CdG&,. 1-CdGa,S, -85 kbar\

As concerns the DF structure, it exhibits only twe -6 220025, - %0 dvar R .
symmetry modes from the very beginning and no sharp de- | 8- CdBaaSe, 40 kbar N
crease of theA? mode is expected. According to Fig. 7, a 8 4rznGagSe, - O Whar Og ]
gradual decrease @ mode intensity with pressure is char- 0 50 100 150 200

acteristic of ZnGg5, crystals. Nevertheless, the two minima

PRESSURE (kbar)

observed in the pressure dependence of the FWHM for

ZnGaS, and ZnGaSe, crystals(see Figs. 7 and)8eflect, in FIG. 11. Pressure dependence of the frequency shift for the
our opinion, two stages of disorder in the cation sublattice a{West energyE-symmetry mode oAGgX, compounds. The ar-
well. The DF structure of ZnG$, is characterized by partial "0Ws indicate thebs values.

cation disorder, Zn and GB being randomly distributed at

(4d) 0, £, 1 sites, the G&) being at the origin site® Thus, Axas={r(A,B)/[r(C)—2dryq(C)]}~{r(A,B)/r(C)}

at a pressure of 40 kbar the @aatoms are involved in the @)

first stage of disorder and the DF structure transforms from g, theA"B)'C}' materials under consideration are presented
partially cation disordered phase to a totally cation disor-

dered one. ZnGe, is totally cation disordered already at in Table Il. As one can see from the table, the materials with
ambient pressure, i.e., the first minimum of FWHM is at sero2 Xas<0.09 and5<0.05 (ZnGaS, and ZnGaSe,) crystal-

pressure. However, the stoichiometric vacancies are still nc!lze as DF whereas the compounds witly,>0.09 ands

: . . : . >0.05 (CdGaS, and CdGaSe) crystallize as DC.
involved in the process of disorder. The vacancies are in On the other hand, the temperature-induced order-

I in the di ing th - " ) . J

\é(i)n\r/]ier?gmatt srgslzﬂrrgzr fégCZ?:j dlu(;g\gktt)aer ?gf ()ant?ﬁsat;r?de » Pisorder transitions were recently investigatedAitB}'C}'
0,37,38 ; ;

ZnGaSe, respectively. The occurrence of this stage is indi-compgutﬂdf'th | Whetr;] é?aalz'zwﬁg ttr;]es;a data Itt Wan t%b_
cated by the second minimum in the pressure dependence gfrved that the lower € higher the temperature of the
FWHM and by the sharp decrease of the mode’s intensity & rder-disorder transition. However, unlike chalcopyrites, in
these pressurgsee Figs. 7 and)8As a result, a disordered € DCA'B;'C;' compounds the order-disorder transitions
zinc-blende-type phase is formed similar to the DC crystalsWith temperature can occur in materials wié*-0.05 as

An additional feature in favor of the first stage of disorder Well- This different behavior can be explained by the pres-
is the soft character of the lowest-eneisymmetry mode. €NCe of st0|ch|0mefmc vacancies in the DC _phas_e. Figure 12
The frequency decrease of this mode with pressure refleciyesents the variation with the tetragonal distortibaf the
the initiation of the phase transitiGfIn order to appreciate Ps Pressure of th& mode(a) as well as the pressure of the
more accurately the pressure vaRigat which the frequency first stage of order-disorder transitidgh) determined from
of the lowest-energyE mode starts to decrease, we havethe pressure dependencies of mode intensities and FWHM,
plotted the pressure dependence of the frequency @t @S men.t|oned'above. As one can see from Elg. 12, a clear
11). The above-mentioneB, value equals 0, 36, 40, and 85 correlgtlon exists between these pressures &imd AB,C,
kbar for ZnGaSe, ZnGaS, CdGaSe, and CdGgS, re- Mmaterials. _
spectively. Some additional comments can be made concerning the

Earlier it was shown that the order-disorder transition@€havior of the relative intensity of the two lowegt
with temperature can take place only in the chalcopyrite$YMMetry modes in the DC crystals. Taking into account
with axial ratio c/a>1.95 (Ref. 16. Compounds withc/a their similarity to the corresponding modes of zinc-blende
<1.95 remain in the ordered chalcopyrite structure all the
way up to the melting point. Apart from that, the order-
disorder behavior and the tetragonal distortion(6=2
—c/a) of the chalcopyrite compound&BC, can be de-
scribed in terms of the difference in electronegativitdog, g

TABLE II. The tetragonal distortiors and differencel y, g in
electronegativities between thA&-C and B-C bonds for the
A'B)'CY' materials.

between theA-C and B-C bonds!® Chalcopyrites with Compound Axas 0
A xas<0.09 exhibit an order-disorder solid-state transition, CdG3S, 0.124 0.17
whereas the chalcopyrites withy,g>0.09 remain in the CdG3Se, 0.118 0.13
ordered chalcopyrite structure up to their melting point. The ZnGaSs, 0.042 0.04
tetragonal distortiors and the difference in electronegativi- ZnGaSe, 0.040 0

ties calculated as
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100 T T T T TABLE Ill. The homopolar E,), ionic (C), and averageKy)
energy gap foABC, and AB,C, compounds. All energies are in
eV units.

= Compound Ep, C =

§ ABGC,

w CuAlS, 5.078 8.161 9.612
< CuAlSe, 4.490 7.300 8.570
g CuAlTe, 3.789 6.257 7.315
% CuGas 4.795 7.679 9.053
o CuGaSe 4.254 6.955 8.153
CuGaTeg 3.713 6.141 7.176
ot ZnGa,Se, : CulnS, 4.207 6.711 7.921
. . . . CulnSeg 4.133 6.900 8.043
0,00 0,05 0,10 0,15 0,20 CulnTe, 3.463 5.298 6.329
§=2-c/a AgAIS, 4.605 7.630 8.912
AgAlSe, 4.118 6.887 8.024
FIG. 12. Pressure value of the first stage of order-disorder tran-  AgAITe, 3.469 5.970 6.905
sition in AGaX, compounds determined from the pressure depen- AgGas 4.529 7.495 8.757
dence of mode intensities and FWH(s), and from the point where AgGaSe 4.050 6.820 7.932
the frequency of the lowest-energysymmetry mode starts to de- AgGaTe 3.447 5.083 6.905
crease(b). AgInS, 4.138 7.222 8.323
AgInSe, 3.705 6.520 7.499

(ZB) structure, one may conclude that modes 1 and 3 corre-

spond to theW, and Xg points of the ZB structure, 2%'“5‘92 3171 5.656 6.484
respectively’? The increase of their intensity and linewidth 24
CdAlLS, 4.679 5.831 7.476

(Figs. 5—8 after the first order-disorder phase transition can

be explained by large anharmonic contributions to the lattice CdGaS, 4.638 5.789 7.420
vibrations. An analogous effect has been observed in the CdGaSe 5.071 6.015 7.867
overtone transverse-acoustical 2TA of ZB in Zn&ef. 39 ZnGaS, 4177 5.269 6.720
and in theGs(Xs) and Gs(W,) modes in a CuGaSchal- ZnGaSe, 4417 >.400 7.015

copyrite compound.In both cases this fact was accounted

for by a redistribution, under pressure, of the density of theenergy gapC are plotted along the horizontal and vertical
electrons responsible for the bond-restoring forces; this reayes respectively. A circle centered at the origin is drawn to
distribution, in turn, leads to an increase of the electronseparate the two high-pressure phases according to the theory
phonon interaction, as the transition to the high-pressurgs phjjips and Van-Vechten. We see that all compounds
phase is approached. _ _ involved fall outside this circle, indicating that a phase tran-

_ Finally, we will discuss the disappearance of RS signals ajtion to the rocksalt-type structure is expected under pres-
high pressures. By analogy to the adamantine structure condyre. |t is to be noted that the high-pressure rocksalt-structure

gi?ilcj)rr]]dtsc; ‘;"‘Zi;f‘;3'Tc‘i;:‘;tnzfde:{)eccktsi;fg/fee2;’3’0‘;"“?2ase Urghhase has been confirmed by x-ray analysis for most of the
- - . Iplll
The microscopic dielectric theory of Phillips and ABTC,' compounds.
Van-Vechtef° provides a basis for understanding the struc- 10 T y
tural trends of semiconductors. In Table Ill we summarize / AB'cY,
the homopolar energy gdf, and ionic energyC for most of sl /;’
the AIB"'CY' CP compoundsaccording to Refs. 41 and #2 . e
as well as forA"B)' CY' DC compounds. The values &, 33 o ABLCT,

andC for A"B)'CY' compounds were calculated from

En=(Enact2Engc)/3 (2

and

C:(CAC+ 2CBC)/3! (3) NacCl

while the average energy gaps from

8 10

E;=Ej+C2. €)

Figure 13 shows a phase diagram containing most of the giG. 13. Phase diagram fé'B"'CY' andA"BY CY' compounds
A'B"CY' with CP andA""B}'C}' with DC structure at am-  at ambient pressure. The data are presented in Table Il. Solid lines
bient pressure. The homopolar energy @apand the ionic  are only to assist the eye.
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TABLE IV. Bond ionicity (fiAc,BC), bond length @acsc).
crystal ionicity (f '), average bond lengitd) (Refs. 40—43% and the
experimental transition pressure to the rocksalt-type structure for
ABGC, andAB,C, compounds.

250

200

4 . 4 dac  dec d  Prac
Compound flpe flge  f! A A A (kbap

ABGC,
CuAlS, 0.813 0561 0.687 2.374 2.219 2.297 150
CuGaS 0.816 00561 0.689 2.340 2.255 2.298 165
CuGaSe 0.825 0567 0.696 2.395 2.410 2.403 136
CulnS,  0.808 0569 0.689 2.310 2.490 2.400 96
CulnSe 0.817 0572 0.695 2.440 2580 2.510 71
AgGaS  0.849 0559 0.704 2575 2.255 2.415 150 50 \_ agaaTs, |
AgGaSe 0.851 0.566 0.709 2.601 2.416 2.509 83
AginSe, 0.850 0.573 0.712 2.600 2.625 2.613 25

150

100

PRESSURE (kbar)

AB,C, AginTe; 3
0
CdAlLS, 0.685 0.561 0.602 2.532 2.255 2.395 140 0.5 0.8
2249 IONICITY
CdGaS, 0.685 0.561 0.602 2.435 2.372 2.368 150
2.298 FIG. 14. Critical pressure for transformation from the fourfold-
CdGaSe, 0.699 0.567 0.611 2.637 2.411 2.488 150 coordinated structure to the sixfold-coordinated one, as a function
2416 of ionicity for A"BY', A'B"'CY', andA"B)'C}' compounds. The

ZnGaS, 0.623 0.561 0.582 2.303 2.328 2.201 220 dashed lines are the results of calculation followiiay the Che-
likowsky (Ref. 44, and(b) the ChristenselRef. 49 model. Solid

2.278 . . . .
ZnGaSe, 0.630 0567 0588 2.455 2416 2.429 180 lines are the linear least-squares fits of the experimental data.
2.416 .
The bond lengths i'B"' C}' compounds were calculated as
Chelikowsky has used a combination of pseudopotential d=(dact+dgc)/2, (6a)

total-energy method with an empirical ionicity scale to pre- Wl ~VI

dict phase transitions as a function of pressure for all diaWhile in A"B; C;* compounds as

mond and zinc-blende semiconductors of the faxMB8 N,

whereA andB are simple metals or metalloids ahtis the d=(dact2dgc)/3. (6b)
number of valence electrons for spec#e&>** Two param-

eters enter into his discussion, the crystal ionicity from theFigure 14 illustrates the transition pressure for the transfor-
dielectric theory and the equilibrium crystal volume. Sincemation from the fourfold-coordinated structure to the
the phase transition to the rocksalt structure under pressure §ixfold-coordinated one, as a function of ionicity, fafB"",
A'BYCY' DC compounds takes place through a disorderecd'B" C3', and A"B'Cy' compounds. The dashed lines in
ZB-like structure, it is reasonable to require whether thethe figure are the result of calculations according to the
above theory applies to the CP and DC compounds. For thigiodel of Chelikows§ and the frozen-potential model of
purpose we present in Table IV the ionicities and bondChristensen, Satpathy, and Pawlow$kahe solid lines are
lengths forA'B"'CY' and A"BY'CY' compounds along with the linear least-squares fits of the experimental data for

. . \Y| 1 ~VI
experimental values of phase transition pressures to the rock'B"' C3' and A"B;'C;' compounds. One can observe that

salt structure. The ionicities oA'-CY' and B"-cVY!' bonds Chelikowsky’s theoretical results fit very well the experi-
were taken from Ref. 41. The ionicities Af'-C¥' bonds are  mental data for thé\"BY' materials with high ionicity[The
from Ref. 40. The bond lengths,c anddgc correspond to  Opposite is true for the theoretical results of Christensen,
those presented in Refs. 45 and 46. In previous studies of tHeatpathy, and PawlosKepecifically, it was found that MgS
trends in the material properties ABC, compounds it has and MgSe fall on the transition boundary of zinc-blende and

been shown that the arithmetic means rocksalt structures, the predicted critical ionicity being con-
sistent with the Phillips valug.Chelikowsky has found{
fi=(fi actfinc)/2 (53 =0.80, in close agreement with the Phillips valié

=0.795.] For the materials with low ionicity the agreement
of the ionicities f; oc and f; gc of the individual bonds with experiment is only qualitative. Nevertheless, the theo-
Al-cY! and B"-CV' give an appropriate value for the retical approach predicts a difference between the Zn and Cd
average-bond ionicity of théABC, compound$! Taking  salts. Namely, the Zn salts should possess a higher transition
this into account we have calculated the average-bond ionigressure from ZB to rocksalt structure than the Cd salts. This
ity of the AB,C, compounds as general trend is confirmed by experiment. Furthermore, we

observe that this trend is valid for o&"B}'CY' compounds

fi=(fiact2figc)/3. (5b)  as well.
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1.0 ' " " ' TABLE V. Comparison between theoretically predicted transi-
tion pressures to the rocksalt-type structure and their experimental
0.8 76 =NaCl L. | values forABC, andAB,C, compounds.
R5— Vi,
f— |I-III2-\/I4
> 06 % 1 Compound Theor. Expt.
)
g 04 100900?070200500400 300 2 s ] AB Cg
T 150 CUuAlS, 170 150
0zt 28BS ] CuGa$ 170 165
' CuGaSe 80 136
0 . . . . CulnS, 95 96
2.0 2.2 24 26 28 3.0 CulnSe 37 1
A
BOND LENGTH (A) AgGas, 80 150
FIG. 15. Same as Fig. 3 from Ref. 44 with experimental data = AgGaSeg 40 83
summarized in Table IV foA'B"'CY' and A"B}'CY' compounds. AgInSe, 24 25
Solid lines are only to assist the eye. AB,C,
CdALS, 150 140
As concernsA'B"'CY' CP andA'B})'C}' DC compounds, CdGas, 200 150
we observe that the experimental data are very well approxi- CdGaSe, 90 150
mated by the linear fitwhich, however, differ substantially ZnGaS, 300 220
from those of Chelikowsky and Christensen, Satpathy, and ZnGaSe 130 180
Pawloska.

Another essential output from Chelikowsky’s model is the

possibility to predict the transition pressure and the highompressed tetrahedrally bonded materials is determined by
pressure structurérocksalt or 5-Sn). In IF'”?' 15 we have  ihe pressure dependence of the height of potential barrier
|nclulﬁie<\j/| the experimental data foABTC, CP and  penveen the high- and low-pressure phases on the one hand,
A'B3 Cj' DC compounds in high-pressure domains for dia-3n that between high-pressure and amorphous phase on the
mond and ZB semiconductors calculated by ChelikowSky. gther. Figure 16 illustrates the schematic diagram for the
The transitions from the ZB to white tiZB—5-Sn) and  pejght of the potential barriers between the high-preséare
from ZB to rocksalt (ZB-NaC) are indicated in an our case of rocksalt-typephase and the amorphous phase

“ionicity-bond-length” space. Above the critical ionicity of —~y i
0.79, the ZB structures are not stable at normal pressurUNaCL'A'\’I and between the high- and low-pressure phases

Also, for bond lengths greater than 2.8 A no ZB structures_ Nactoc: @s @ function of pressure for tetrahedrally coordi-

exist. The theory is not applicable to compounds with bon(f'ated'a‘BZC‘1 compoundsP; represents the pressure where
length less than-2.3 A. One can see that aB"'CY' cp  InacL-am €QualsUnacipc. The metastable high-pressure

andA'B!'CY' DC compounds lay in the ZB-NaCl domain. phase is quenched when the thermal energy is lower than the

Thus, a transition to the rocksalt structure is expected height of both potential barriers. For binaw'B" and

> ; PeCted. ARV tetrahedrally bonded materials this occurs only at low
Figure 15 also displays a contour plot of transition pres- hile iIAB.C, materials it occurs even at
sures to the rocksalt phase predicted by Chelikowsky’:;[emperatures’ while 1 2h 4 ith d .
model. Table V presents the comparison between the experri-Oom temperaturésee path 1 in Fig. 16 With decreasing
mental and the predicted high-pressure forms and transition
pressure forA'B"CY' and A"B)'C)' compounds. We can
conclude that the agreement between theory and experiment
is satisfactory. However, the predicted transition pressures
for the sulfides are overestimated, while for selenides they
are underestimated. One can notice the same tendency for
ZB A'"BV' compounds when analyzing the data presented by
Chelikowsky#* This behavior can be accounted for by the
fact that the calculations do not include explicit treatment of
d-orbital effects.

In short, the first stage of order-disorder phase transition
in AB,C, compounds is determined by the tetragonal distor-
tion. The final phase transition from a fourfold-coordinated
structure to a sixfold-coordinated one is influenced by ionic- E. + A U SEUTUU
. . . . T !
ity. Concerning the intermediate second stage of order- (300K) vt
disorder transition ilAB,C, compounds, there is no evident 0 ,'3
influence of the same parameters on the transition pressure,
the latter being nearly the same for all materials. FIG. 16. Schematic diagram for the height of the potential bar-

Finally we discuss the structure of the materials aftefrier between high-pressure phase and amorphous ph&gg; )
pressure release. It was shown recently on the basis of @nd between high-pressure and low-pressure phasgs(pd, as

configuration-coordinate mod&l;>* that the structure of de- a function of pressure for tha'BY'CY' compounds.
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pressure, the high-pressure phase transforms to the phase V. CONCLUSION
with the lowest possible potential barrier for a given thermal
energy. An order-disorder phase transition takes place in the cat-

It was showri***that the pressure dependence of the poion sublattice of tetrahedrally bondéd Ga,X)' compounds
tential barrier between high- and low-pressure IPH\‘?-'ﬁB—LP under hydrostatic pressure. This transition occurs in two
Is a furrlf:tlen of ionicity. The ionic character &'B™ and  gtages following earlier predictions by Bernard and Zurger.
someA"B" compounds should low&,p.p. In CdTe, for  he compounds withA=Cd belong to the DC structure
example, the large ionicity in the bonding nature 10WerSq acterized by totally ordered cations and stoichiometric
Unp.p 1o such extent, that path 4 in Fig. 16 takes place af,.ancies. In the first stage of order-disorder transition, dis-

room temperature and the high-pressure phase returns to tB?dering among Cd and Ga cations takes place. The com-

Z],'ltg}h g\I/BI r?]t;ltjecrti:rlg gg:olroc:ﬁssgel:ireliis?s I-g\:\(/aerlotﬂgrllt);hg]; pounds withA=Zn belong to DF structure with partial dis-
24 ' 9 9- 14, order in the cation sublattice. In this case, in the first stage of

[lF=3% : . R R
of A'B™ materials; as a consequend@yscioc IS higher. transition it is the ordered Ga atoms at the origin sites that
Therefore, at room temperature the phase transition is irre-

versible. In order to have reversible phase transitfotiow- are involved in the dlgorderlng process and Zn and Ga cat-
ions become totally disordered. In the second stage the sto-

ing path 4 in AB,C, materials it is necessary to release the, hi i . involved in th t disord
pressure at temperatures higher than the room temperatuﬂg. lometric vacancies are involved in th€ process of disorder

Another peculiarity of tetrahedrally bondéd,C, materials " Poth DC and DF structures. The mutual disorder of both
is that the potential barrier between the high-pressure phad¥Pes Of cations and vacancies leads to the formation of the
and the amorphous phahy,c,.ay is higher than inA'BY! disordered ZB—IlIfe phase.. The first stage of ordgr—dls.order
and A""BY materials. This is the reason why no amorphiza-Phase transition is determined by the tetragonal distortion of
tion occurs with releasing pressure at room temperature iflitial crystals. The irreversible disappearance of RS signal at
ZnGaSe, and CdGaSe,. In materials containing sulfur the higher pressures is supposed to be caused by the phase tran-
UnacL.am IS Somewhat lower and partial amorphization oc-Sition from the adamantine structure to a Raman-inactive
curs in decompressed Zngsa and CdGaS, (path 1 in Fig.  rocksalt-type structure. Such a transition is influenced by the
16). In order to obtain total amorphization it is necessary tobond ionicity and bond length. After releasing the pressure at
increase the temperature at pressures lowerBqdpath 2 in ~ room temperature in Se-containidgsaX, compounds, the
Fig. 16. With increasing temperature, the quenched metahigh-pressure rocksalt-type structure is quenched. On the
stable high-pressure phase transforms to the phase with tligher hand, decompression of S-containing compounds leads
lowest possible potential barrier. If the temperature is into partial amorphization. These results are discussed on the
creased at pressures higher thigrthe quenched phase will basis of a configuration-coordinate model taking into account
transform to the DC structurgath 3 in Fig. 16. the pressure dependence of potential barriers for the phase
As concerns recrystallization occurring in CdSadur-  transition.
ing the second compression, an analogous process was ob-
served in GaSb at pressures around 40 kbae Ref. 35 It
should be noted that crystallization under pressure is a pecu-
liarity of pressure-induced amorphization and as such does

not characterize as-grown amorphous matefrals.simple . .
explanation is that the structural disorder is large in pressure- This work was partially supported by NTUA and the Gen-
amorphized materials. eral Secretariat for Research and Technology, Greece.
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