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We report a first-principles study of the high-pressure structural properties and phase diagrams of GaP, InP,
and InAs. The present study includes tbencmphase, which is a distortion of the rocksalt structure, and the
Imm2and scl6 phases, which have been suggested as stable high-pressure phases of IlI-V compounds. Our
work relates directly to recent experimental work on IlI-V compounds, which has indicated that the previously
reported high-pressure phase diagrams of these compounds should be reconsidered. Our results support the
existence of stabl€mcmphases in InP and InAs and a stable or nearly st@mlecmphase in GaP. We find
stableimm2phases in each of the compounds studied. We also find a small range of thermodynamic stability
for sc16 GaP. The energy-volume curves and phase diagrams of InP and InAs, as well as those of GaP and
GaAs, show remarkable similarities. Along with previous work, we now have enough theoretical results to
support a different systematics of the high-pressure phases of IlI-V compd@td63-182607)03215-3

I. INTRODUCTION cently a theoretical study of ZnTe has appefréut sup-
ports the experimental findiAgf a stableCmcm phase in
Recent developments in angle dispersive powder x-raythis compound. Recent experimental and theoretical work
diffraction techniques as applied to high-pressure experihas raised a number of other questions regarding the high-
ments have greatly increased the resolution that can beressure phase diagrams of these compounds. For example,
achieved- These improvements have led to a reevaluation ofalculations by Crairet al'® indicated that under increasing
the high-pressure phase diagrams of many materialst  pressure the zinc-blende phases of GaAs, InAs, and AISb
the same time the capabilities of first-principles electronic-would become unstable to the so-called sc16 phase, which is
structure calculations have improved and predictions of newhe binary analogue of the bc8 structure observed as a meta-
stable high pressure phases have been made. One resultséible phase in silicd'? and germaniunt.® Although the
these developments has been the complete rewriting of theriginal calculation¥’ were subsequently found to be inac-
high-pressure phase diagrams of some -V and Il-VIcurate, more careful studfebave predicted that sc16 GaAs
compounds:* No doubt there are more experimental discov-could in fact be stable over a very small pressure range.
eries and theoretical predictions and rationalizations to comézonclusive experimental evidence for the existence of a
A remarkable feature of the emerging picture of the high-stable sc16 phase in any IlI-V compound is, however, still
pressure phases of 1ll-V and 1I-VI compounds is that thelacking.
highly symmetrical rocksalt phase, if present, has a smaller In this contribution we have studied the high-pressure
range of stability than previously thought and jBin struc-  phases of GaP, InP, and InAs, taking into consideration re-
ture, which was once thought to be common in these comecent candidate structures such as s¢46e Ref. § and
pounds, is now thought to be rather uncommon. Indeed, reemcm and Imm2 (which are described in Sec.)/llalong
cent experimental workhas indicated that all, or almost all, with the well-known zinc-blendézb), rocksalt(NaCl), ce-
previously reported occurrences @htin phases in 1ll-vV  sium chloride (CsC), g-tin, and nickel arsenidgNiAs)
compounds are incorrect. The actual phases are now thougsiructures:* A brief description of the calculations is given
to be either an orthorhombic structure referred t€Cascm  in Sec. lll. In Sec. IV we report and discuss our results on the
after its space group or a structure closely related to th@hase stability of these compounds with special attention to
B-tin structure known atmm2 (see Sec. )lor its site disor- the Cmcmand Imm2phases. In Sec. V we present the re-
dered counterpatmma The Cmcm structure can be re- sults for the structural parameters of the phases. Finally, in
garded as a distortion of the rocksalt structure. Being a disSec. VI we draw the conclusions from our study.
tortion of the rocksalt structure, tt@mcmphase is likely to
be stable in those compounds having stable or near stable Il. DESCRIPTION OF THE STRUCTURES
rocksalt phases. It is therefore desirable to investigate more
closely all reports of stable rocksalt phases in 1ll-V and other
compounds. Stabl€mcm phases have recently been ob- A brief description of theCmcm structure is given in
served in several II-VI and I1I-V compoundsAn early the- Refs. 6 and 7 but here we give a more detailed description,
oretical treatment of aCmcm phase was our study of introducing the notation that we will us€mcm has an
CmcmGaAs®’ which identified this as the structure of the orthorhombic primitive unit cell containing twé-B pairs,
experimentally observed phase known as GaAs-Il. More rewhere A and B are the atomic species forming the binary

A. The Cmcm structure
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Figures 1a) and Ib) show that theCmcmstructure can
be constructed from the rocksalt structure by a sequence of
distortions consisting ofi) an orthorhombic adjustment of
the axes(ii) a shearing of alternat@®10) planes in th¢ 001]
direction, and(iii) a puckering of the atomic rows in the
[100] direction. With reference to the rocksalt structure, the
atoms inCmcmare contained in fla010 planes, but the
rows of atoms along thg100] direction within each plane
are slightly puckered. The internal parameters and ug
represent the relative displacement of the altern@te)
b planes for each sublattice that is composed of a single atomic
species. The net shearing of the planes is measured by the
C{ parameten=3(u,+ ug). The puckering of the atomic rows
arises becausa, is not equal toug (although in practice
their values are clogeThis puckering is measured by the
parameterd=3(u,— ug). The Cmcm structure can be de-
O scribed in terms ofi, andug or in terms of§ andu. The
(©) Imm2 (d) Immm latter description will be more convenient when we discuss
the instability of the rocksalt structure to the shearing and
FIG. 1. Representation of ti@) rocksalt,(b) Cmcm (c) Imm2 puckering distortions. The undistorted rocksalt structure is
and (d) Immm structures. The atoms in the basis of tBiencm  obtained whenu,=ug=0 (equivalently, u=6=0) and
structure are labeled 1-4. The lattice generators ofGmecm  b/a=c/a=1. If uy=ug, then §=0 and the structure is
structure are shown in bold. This picture correspondsi#®.35  sheared, but the atomic rows are not puckered. If, on the
and §=0.03. Thelmm2structure represented {ig) corresponds to  other handu,=—ug, thenu=0 and the structure is puck-
v=0.25. Whenv=0.5 the Imm2 structure becomes themmm ered, but not sheared.
structure depicted iid). The four structural degrees of freedom®mcmat fixed
volume can lead to a variety of different coordination num-
compound. Th€mcmstructure is depicted in Fig(). The  pers, with bond lengths and the identity of close neighbors
structure is defined by the three lattice constantd, and  depending on the values of the parameters. Experimentally,
¢, and two internal parametets, andug, which relate to  the coordination number has been found to range from six, in
the positions within the unit cell of one type of atomic spe-the case of the rocksalt structure, to nearly eight. o«
cies. In a Cartesian coordinate system the translation vectog,=0.5 and proper values for the axial ratios the arrange-
of Cmcmare ment of the atomic sites can be made hexagdwith the
c axis in thex direction.'®
a ¢ The Cmcm structure is related in a simple way to the
—,0,—) (1) structure that has been incorrectly referred toAmsm2'®
22 This structure was once thought to be stable in a variety of
11-VI and 1llI-V compounds under pressure. It corresponds to
and the positions of the four atoms in the unit cell are takingu,=ug (i.e., 5=0). However, no symmetry consider-
ation can favoré being zero in binary compounds, as the
a b ¢ ) symmetry is not changed by fixing=0 in Cmcm and the
UA y

a,=(a,0,0, a,=(0b,0), az=

A:le

11 g structure is in general unstable towards the more general
Cmcmstructure withd# 0.” Thus there seems to be no good
reason why this degree of freedom should éeriori ne-
a b ¢ glected in an analysis of th€ mcm structure, although in
uB), practice é is rather small for several compoun@see Sec.

V).

B. The Imm2 structure
A: T3=

Mo

E SuA), Thelmm2structure is body-centered orthorhombic and its

44 unit cell contains a singl&-B pair. The structure is defined
by the three lattice constants b, andc and one internal
parametewv . The Imm2structure is represented in Figgcil

) 2 and 1d) for the two important cases=0.25 andv =0.5. In
Cartesian coordinates, the translation vectortoh2are

B:T4: - UB

A~lo

b
Zl

a
Zi

Apart from a change in orientation, an identical structure is
obtained by replacing, andug by —u, and —ug, respec-
tively, or by replacingu, and ug by 2—u, and 2—-ug,
respectively. Thus we may restrict the valuesigfandug to

lie between 0 and 1. 3




55 THEORETICAL STUDY OF THE HIGH-PRESSUR. .. 9661

TABLE I. Calculated and experimental values of the equilibrium lattice constgnibulk modulusB,,
and pressure derivative of the bulk moduB§ at zero pressure, for the zinc-blende phase of each of the
compounds studied.

GaP InP InAs
Calc. Expt. Calc. Expt. Calc. Expt.
a, (A) 5411 5.44% 5.942 5.869 6.122 6.058
B, (Mbar) 0.90 0.9% 0.68 0.7% 0.56 0.58
By 45 4.9 4.6
®Reference 42.
and the positions of the two atoms in the unit cell are conserving pseudopotentidlsconstructed via the Kerker
schemée? which included scalar relativistic effects. For the
Ar—|_2 b ¢, cation pseudopotential&a®* and In**) we included non-
Tl 4 4 2°) linear core-valence exchange-correlation correcti®is!’
which are important for these atoms. For all the calculations
[ abec reported here we used basis sets containing plane waves up
Bimo=|-7.72:3Y]: @ t0an energy cutoff of 24 Ry. To resolve the small energy

differences between phases very-high-quality Brillouin-zone
As in the case oCmcm the three independent degrees ofjntegrations are requiréd.For the metallicCmcmand NiAs
freedom oflmm?2 at fixed volume allow a variety of coordi- phases, which both have four atoms per unit cell, we used 12
nations that in practice range from nearly six to eight. Thex 12%x 14 and 14 14x 10 meshes respectively, referred to
following properties ofimm2 limit the range of variation of the choice of lattice vectors given in Sec. Il. For the metallic
v. Replacingv by 1-v leaves the structure unchanged, NaCl, CsCl, andmm2structures, which have two atoms per
apart from a reflection in the-y plane. Also, replacing by  unit cell, we used 18 16x 16 meshes. For the semiconduct-
0.5-v together with interchanging the axis lengthsand  ing zinc-blende phaseswvo atoms per unit celland for sc16
b leaves the structure unchangetkcept for a 90° rotation (16 atoms per unit cellwe used & 8x 8 meshes and 44
about thez axis. We may thus restrict to have values x4 meshes, respectively. The forces on the atoms and com-
between 0.25 and 0.5. ponents of the stress tensor were calculated and used in the

Whenv =0.25 ando/a=1 the symmetry is increased and relaxation of the structuréS.The uncertainties in the energy

the Imm2 structure becomes the binary analog of B#in  differences between phases due to all numerical approxima-
structure, with the replacement of the two atoms in the montions (basis set, Brillouin zone integration, relaxation of the
atomic B-tin unit cell by the two different atomic species of structures, etg.are estimated to be less than 5 meV per for-
the binary compound. When=0.5 the symmetry is again mula unit. There are of course additional approximations in
increased and the structure becomes centrosymmetric witbur calculations due to the use of the LDA, the pseudopoten-
space groupmmm Note that forb/c=1/3 andv=0.5, the tial approximation, and the neglect of zero-point motion, etc.
arrangement of the lattice sftesis the same as in the mon- ~ The calculated zero-pressure lattice constants and bulk
atomic simple hexagonal structure, with tbeaxis in thex moduli of the zinc-blende phases are given in Table |, along
direction. However, when arystal composed of two differ-  with experimental data. In each case the agreement between
ent atomic species is considered, each occupying one of thtee theoretical and experimental values is very good.
two atomic sites of a monatomic simple hexagonal cell in
this representation, no extra symmetry is introduced when
the axis lengths obey this relation. Thus, contrary to the IV. STABILITY OF THE PHASES
monatomic case, in the minimurfor maximum energy
structureb andc are not related by any symmetry consider- In Figs. 2, 3, and 4 we show the energy-volunte-\()
ation whenv=0.5. This fact was apparently neglected in Curves for the various phases of GaP, InP, and InAs. For the
early theoreticd® and experiment&t works in which the —Imm2structures, we have plotted only tBeV curves corre-
structure witho =0.5 andb/c=+/3 was considered to be the SPonding ta =0.25 (B tin) and tov =0.5 (Immm) (see Sec.
binary analogue of simple hexagonal. It was assumed thdV F)- In these graphs the volum&sare given in terms of
the above relation between lattice constants followed fronfhe theoretical zero-pressure volumes of the zinc-blende
Symmetry Considerations in binary Compounds and Consé:)ha.ses, Wh|Ch can be 0bta|ned from the |a.tt|Ce constants

quently one degree of freedom was omitted from the analygiven in Table 1. The continuous lines in Fig. 2 are Cheby-
sis. shev polynomial fits to the calculated data. The estimated

error in each fit is less than 1d eV per formula unit. The
energy is given with respect to the calculated energy of the
zinc-blende phase at zero pressure. In each figure, gfaphs
The calculations were performed within the framework ofand (b) correspond, respectively, to the higher- and lower-
the density-functional formalism, using the plane-wavevolume regions investigated in each compound. Due to the
pseudopotential scheme with the Ceperley-Alder fSrof  number of structures considered and the closeness of some of
the local-density approximatiofLDA). We used norm- theE-V curves, we show in the insets an enlargement of the

Ill. CALCULATIONAL DETAILS
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FIG. 2. Energy-volume curves for the various structures consid- FIG. 4. Same as Fig. 2, but for InAs\/mZ = 57.36 A3 per

ered for GaP(a) High-volume region(b) Low-volume region. The formula unij.

energies(in eV per formula unit are given with respect to the

energy of the zinc-blende phase at zero pressure. The volumes a#616 GaP is predicted to become unstable togh struc-
given in terms of the calculated zero-pressure volume of the zincture at 203 kbar and unstable to tBencmstructure at 204

blende phas¥/Sar, = 39.61 A° per formula unit. The insets enlarge Kbar. These pressures are the same to within the error bars of

the more congested areas of the figures. our calculations and we conclude that these phases are
equally stable at these pressures. As the pressure is further
more congested areas of each graph. increased thegB-tin structure becomes more stable than

At each volume, the pressupewas calculated by differ- Cmcm At still higher pressure transitions are predicted to
entiation of the fittede-V curves. The values of the pressure the Immm structure at 388 kbar and then to the CsCI struc-
calculated in this way are in good agreement with those calture at a pressure greater than 2500 kbar.
culated directly using the stress theor&tThe p-V relations AlthoughCmcmandImmmGaP were not considered in
for the more important structures of the three compoundgrevious calculations, some comparisons with our results are
considered are plotted in Figs. 5@Y. Thep-V relations are still possible. For example, Gaeciand Cohef? calculated
important as, unlike the&-V curves, they can be directly that the zinc-blende phase becomes unstable to NaCl at a
compared with experimental data for the stable phases. Tharessure of 188 kbar, which is close to our calculated value
thermodynamically stable phase at a given pressure and temf 183 kbar.
perature is the one with the lowest Gibbs free energy. In our

theoretical study we work at zero temperature, so that the LO eI T T e
relevant thermodynamic potential is the enthalpy 0.0 ko N\ 033 =
H=E+pV. Figures 5—) show enthalpy-pressureH¢p) Q E\ ]
curves for the three compounds. In Table Il we summarize § 08 w15 e
the pressures at which the more relevant crossings of the R ]
enthalpy curves take place and the value of the volume of > E 3
each structure at these pressures. e @ fomn 3
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Volume Volume enthalpy is measured with respect to the enthalpy of the rocksalt
structure. The more relevant crossings betweerHhe curves are
FIG. 3. Same as Fig. 2, but for InP«/'&f{]e = 52.46 A3 per summarized in Table Il. Only thp-V curves of the more important
formula uni. structures are plotted.
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TABLE II. Values of the coexistence pressurgsat which the

1.0 IIIIII|||II|I|I|II|||I|IIIII|IIIIIII|| TTITTTTTT R X N
R\ zb 0.50 ;1 ] enthalpy curves for the different structures shown in Figs.(B)-7
o 09K e [N Hrmm 17 cross each other. The structure to the right of the arfibyis more
£ o8 r ca 14 stable at pressures above the coexistence pressure. Only the more
3B E ~NaCl 4 7 relevant crossings for each compound are listed. The volume per
S 0T cmem Moo T e formula unit of each structure at the coexistence pressure is also
06 (a) o 3 given.
0.5 IlII|III||II|IIIIII|IIIIIIIII|IIII|IIII |_)|| pe (kbao Vle (A3) Vg (Aa)
0.3 IlIII|IIIII|IIIIIIIIII|||IIIIIII|I|III|II|H:
02 f— scl6 NiAs (b) -E GaP
= E zb—scl6 147 34.96 31.97
s “E 3 zb—Cmcm 177 34.30 28.21
2 oof R zb— g tin 178 34.28 27.64
2 o1 Cment &l 3 zb—NaCl 183 34.17 28.65
E a7 E zb—NiAs 211 33.59 28.38
=Rl S Y T E zb—CsCl 302 32.01 25.50
T E a _— pin 3 scl6-Cmcm 204 30.84 27.73
04 ol G4 SIRL 3 scl6— g tin . 203 30.85 27.24
IIIIIIII|I|IIIIlII||IIIIIIII‘IIII|III|IIII 5 Cmcm_)ﬁ tln 197 2785 2733
03 0 400 600 800 1000 B-tin—1mmm 388 25.06 24.94
Pressure (kbar) Immm-— CsCl >2500 16.76 16.48
InP
FIG. 6. Same as Fig. 5, but for InP. zb—NacCl 56 48.87 39.87
zb—scl6 73 48.05 43.60
Comparison with experiment is complicated by three conZb—NiAs 80 47.64 39.45
siderations:(i) many first-order transitions show significant zb— 8 tin 94 47.02 37.45
hysteresis due to kinetic effects, so that the onset of the trarb— CsCl 138 45.27 35.28
sition does not correspond to the coexistence pressure of tiéaCl—Cmcm 110-120 38.1-37.9 38.1-37.9
two phases(ii) if the kinetic barriers are very large a transi- Cmcm—Immm 503 30.51 30.20
tion may be entirely suppressed, atid) some of the very Immm-—CsCl 1020 26.15 25.86
small enthalpy differences between phases are at the limit of InAs
the resolution of our calculations. The above predicted sezb— NaCl 39 54.02 43.94
guence of phase stability should be viewed with these factsbh—sc16 53 53.03 48.16
in mind. First, to date there is no experimental observation ofp— NiAs 56 52.83 43.64
an sc16 phase in any lllI-V compound, and it has been argueg . cscl 86 51.05 39.76
zb— B tin 51 53.20 42.05
1.0 NaCl-Cmcm 30-45 44.2—-43.7 44.2-43.7
B IlIIIlIII‘IIIIIIIlI FTTTITTTR[TTITITTITTT TTIITTTTT
E\ zb . Cmcm—=Immm 240 36.65 36.38
o &m E Immm-CsCl 670 30.56 30.00
g 03 < NaCl = Cmcm—CsCl 560 31.72 31.04
§ 0.7 E B 12007
08 E e a3 that a direct transition from zinc blende to sc16 will not
0.5 _IIIIIIIII|I|IIIIIII|IIIIIIIII|IITFI1'O-0-&LIIII!III_ OCCUF In blnary COIT]pOUﬂdS because Of kll’]etIC
B A L A W considerations? If the transition to a sc16 phase is sup-
02 NiAs (b) 3 pressed by kinetic factors then we predict that the zinc-
ol ; _E blende phase would become unstable to@mecmstructure
% c NaCl ] at a pressure of 177 kbar. The predicted volume reduction is
‘; E large (about 18%) CmcmGaP would then be metastable
=y = phase from 177 kbar up to 197 kbar, where it becomes un-
f_::’ E stable to theB-tin phase. Second, as mentioned above, the
rfl 3 Cmcmand B-tin phases are close in enthalpy at pressures in
E the range 150-250 kbar, so that we cannot rule out the ex-
- = istence of eahermodynamicallystableCmcmphase between
05 Bl T the sc16 angB-tin phasegsee the inset of Fig.(b)]. Third,
0 200 400 600 800 1000 we do not rule out the existence of a stalsten2phase with

Pressure (kbar)

FIG. 7. Same as Fig. 5, but for InAs.

v between 0.258 tin) and 0.5 (mmm). We will comment
further on theB-tin—Immmtransition and the possible sta-
bility of an intermediatdmm2phase in Sec. IV F.
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In early experimental work a transition from zinc blende sition pressure of 177 kbar. We further predict the stability of
to a disordereds-tin phase was reported to occur at 215 B-tin and Immm phases at higher pressures. We calculate
kbar?” However, preliminary experimental studies by the Cmcm-— B-tin transition pressure to be 197 kbar, al-
Nelmes and McMahohindicate that thes-tin phase is not though this value is subject to an error bar bfl5 kbar
stable in GaP and that the diffraction pattern of the postbecause the enthalpies of these phases are very similar over a
recovered phase is indeed remarkably similar to those for thiarge range of pressures. The calculated coexistence pressure
Cmcmphase in a variety of other compounds. Our findingsof the 8-tin andImmm phases is 388 20 kbar. Finally, we
support this preliminary experimental evidence of a stablgredict that thdmmm phase becomes unstable to the CsCl
Cmcmphase in GaP. Furthermore, Besson and co-wotkers phase at very high pressures, above 2500 kbar. No experi-
have observed irreversible opacity in GaP at about 180 kbamental study of GaP at these high pressures has been re-
which is close to our value for the zinc-blendeCmcmtran-  ported so far.

B. InP
For InP we predict

56 kbar 110-120 kbar 503 kbar 1020 kbar
zinc-blende ——— NaCl ——— Cmcm ——— Immm ——— CsCl.

(The numerical values over the arrows correspond to the cakbar. TheC mcmdistortion of the rocksalt structure appears
culated pressures at which the enthalpies are equal. in the pressure range 30—45 kbar, and therefore it is difficult
We have not found a thermodynamically stable scl@&o say whether there is any region of stability for the rocksalt
phase for InP. Instead we predict a zinc-blerdecksalt structure at all. As in the case of InP, our calculated transi-
transition at 56 kbar. This transition pressure is significantlytion from rocksalt toCmcmis predicted to be second order
lower than the value of 128 kbar reported in the theoreticabr extremely weakly first order. Experimentally a transition
study by Zhang and Cohél.We note, however, that these from zinc blende to rocksalt has been reported by Vohra
authors did not include nonlinear core-valence exchangeet al. at 70 kbar’? Nelmeset al? have reported a transition
correlation corrections, which are important for In com- on increase of pressure at 70 kbar from the zinc-blende phase
pounds. Calculations by Gaecland Coheff indicate that to a phase that appears to be a mixture of NaCl and other
including these corrections reduces the zinc-blendestructures. They also reported the reverse transition on de-
—rocksalt coexistence pressure by about 60 kbar in GaP antreasing pressure at about 30 kbar. A reasonable approxima-
by about 40 kbar in GaAs. Experimentally a transition fromtion for the coexistence pressure is to take the mean value of
zinc-blende to rocksalt has been reported to occur at 10this hysteresis rang®0 kbap, which is in quite good agree-
kbar2® which is somewhat above our value. However, wement with our calculated value of about 40 kbar. A previous
note that Bessort al3"?® have suggested that most experi- calculation of this transition pressure by Zhang and Céhen
mental transition pressures in IlI-V compounds quoted priotyielded a value of 84 kbar, although we note again that these
to their paper should probably be revised downward. authors did not include nonlinear core-valence exchange-
We predict a second-order or very weakly first-ordercorrelation corrections, so that this value is certainly too
rocksalt=Cmcmtransition in the pressure range 110-120high. We have not found a thermodynamically stable sc16
kbar, the softness of the structure in this region making iphase for InAs.
very difficult to locate the transition pressure preciselge Vohra et al. also reported a transition from rocksalt to a
Sec. IV B. Menoni and Spaiif reported a transition from site disorderegB-tin phase at 170 kbaf. We have not inves-
the rocksalt to thes-tin phase at about 190 kbar. We note tigated site disordered structures, but our results indicate that
that in preliminary work Nelmest al® have found no sign the site-orderedB-tin structure is unstable towards the
of a transition at 190 kbar, but have found indications of almmm structure(see Sec. IV k.
‘ Cmcmlike” phase at about 340 kbar. This observation is At higher pressures we predict transitions fr&dmcm
in agreement with our predicted sequence of phase transinAs to Immmat about 246& 25 kbar and then to the CsCl
tions, although th&€ mcmphase was observed at pressuresstructure at 67612 kbar. No experimental investigations
considerably above our calculated transition pressure. Whave been reported in this pressure regime.
predict further transitions fronCmcm InP to Immm at
about 50& 20 kbar and then to the CsCl structure at 1020
+30 kbar, but there have been no experimental investiga-
tions reported in this high-pressure regime. The energy-volume and enthalpy-pressure curves for
GaAs(see Ref. Band GaP have similar forms, as do those
for InP and InAs. Consequently, the phase diagrams of GaP
and GaAs are similar, as are those of InP and InAs. These
The phase diagram for InAs is similar to that for InP, andfindings suggest a more important role for the cation than the
we predict the same sequence of stable phases. The zingnion in determining the high-pressure phase diagrams of
blende- rocksalt coexistence pressure is calculated to be 3¢hese compounds. This behavior can be extended to the case

D. General remarks on the phase stability

C. InAs
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of AIX compounds, wittX being As and P. For instance, in o
these materials there is experimefitaf and theoretic&levi-
dence for the existence of a stable NiAs structure, whereas
the NiAs structure is not even close to being stable X In
and G& compounds.

We have found a pressure ran@el7—203 kbarof ther-
modynamic stability for sc16-GaP. We found a similar situ-
ation in our previous work on Gasalthough in that case
the stability range was very small17—125 kbar>® For InP o
and InAs we have not found stable sc16 phases. In fact, there _
have been no reports of a stable sc16 phase in any IlI-V g
compound. It has been suggested that the transition from the & *®
zinc-blende to the scl6 structure is strongly kinetically =
hindered'® The possibility of obtaining a stable sc16 struc- 8 004
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mains an interesting question to be settled by experiments.  *% 01 02 03 08 0500 o1 02 03 04 05
We have found stabl€ mcmphases in InP and InAs and u u

a marginally stabl&€Cmcmphase in GaP. Although earlier _ )
experimental works did not report the existence of the FIG. 8. (a) Ct;ange_ln energy of InP when a shearing of al_ternate
Cmcmphase, the results of the present work are in accord?10 planes by;uc is imposed on the rocksalt structure, while not
with the recent preliminary experimental investigations Ofallowmg for further deformatlon_s of the_cell or the atomic chalns._
Nelmes and co-worker?sAccording to our calculations and Each curve corresponds to a different fixed volume. The energy is

recent experiment“sjn both InP and InAs the zinc-blende measured in eV per formula unit) Different contributions to the

. .total energy measured wih respect to the values for the rocksalt
structure becomes unstable to the NaCl structure, which in 9w P

structure. The total energy is also shown, multiplied by 10 in order
turn becomes unstable to tancmstructure. In the case of 9y P y

. _ to make it representable on the scale. Forces on each atomic
GaP and GaAs, the rocksalt structure is somewhat higher i ecies {5 and fg) and generalized forces associated with the

enthalpy than theg-tin structure in the range of pressures ghearing parametef () and with the puckering parametefisf. (d)
where the zinc-blende structure becomes unstable and thusc@mponents of the stress tenser,( o, andas), and generalized
thermodynamically stable rocksalt structure is not expectedorces associated with the axial ratibéa and c/a (Ao, and
However, when theC mcmdistortion of the rocksalt struc- Ao,) and with the volume £). (b)—(d) correspond to the volume
ture is considered, the enthalpy is lowered and @macm  v=0.632/g}..
structure is favored over the other structures considered. The
E-V curves for thdmm2andCmcmphases are close at high atomic rowss, and the orthorhombic distortion of the dell
pressures, which is somewhat surprising because the struthe rocksalt structure turns out to be stable to the cell dis-
tures are not closely related. tortion and the puckering alone, but is unstable at reduced

It turns out that the much studieg-tin structure is me- volumes to the shearing of tH@10 planes. In Fig. &) we
chanically unstable to Bnm2distortion at high pressusee  show the energy obtained when a sheas imposed on the
Sec. IV B. In particular, for InP and InAsB tin is not me-  rocksalt structure of InP, while keeping the form of the cell
chanically stable in the whole range of positive pressuredixed and not allowing for puckering of the atomic rows.
investigated. In view of these results we suggest that th&ach curve corresponds to a different fixed volume and the
stability of this structure should be reevaluated in all theenergy is measured with respect to the energy of the rocksalt
binary compounds for which it has been proposed as a stabkructure at that volume. While the rocksalt structure is stable
or nearly stable high-pressure phase. The only previous thé¢e the shearing distortion at large volumes, it becomes un-
oretical study of dmm2structure of a lll-V compound is the stable as the volume decreases. The different contributions to
study of InSb by Guet al,®® who found thes-tin phase to  the total energy corresponding to this shearing-only deforma-
be unstable to thtmm2phase, with the structural param- tion are plotted in Fig. &), for the volume 0.632\/'0“’5,9,
eter being very close to 0.5 at all pressures. Experimentallyhere “the” denotes theoretical valif& At this volume the
anIlmmmphase has been observed in IN®ef. 37, and an  rocksalt structure is already mechanically unstable to shear-
Imm2 phase has been reported in GdAdzurther experi- ing. As can be seen, the main terms in the total energy lead-
mental work aimed at observingnmmtlike phases in other ing to the distortion are the ion-ion energ,(;) and the
[1I-V compounds would be valuable. kinetic energy E,,), which strongly favor the structures
with u close to 0.5. The Hartree terky further favors the
distortion, but a delicate cancellation with the rest of the
terms(the exchange-correlation energy, and the electron-
ion interactionEg;), which tend to stabilize the rocksalt

In order to investigate the mechanism leading to the disstructure, produces the minimum in the total-energy curves
tortion from rocksalt tocCmcmwe have performed calcula- shown in the graph. The distance between the ions increases
tions at fixed volume imposing separately on the rocksalwith the Cmcmdistortion, so that the packing is more effi-
structure each of the three components of the distoftiom  cient than the NaCl structure. Consequently, the Ewald en-
shearing of the alternat®01) planesu, the puckering of the ergy of the Cmcm structure is lower than that of NacCl.

E. Instability of the rocksalt structure
to a Cmcmtype distortion
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FIG. 9. (a) Energy curves of thémm2 structure of GaP as a function of the internal parametefach solid curve corresponds to a
different fixed volume. At each volume and the b/a andc/a ratios have been relaxed. The different symbols represent the calculated
energies at each volunjé meV per formula unit with respect to the energy of fmemm structure ¢ =0.5)]. The two curves labeled
“unrelaxed” correspond, respectively, to fixing the values of bofh andc/a to those for the relaxeg tin (left curve andlmmm (right
curve structures(b) Energy of thelmmm and Cmcmstructures with respect to th@-tin structure, as a function of the volume for GaP
(solid line9, InP (dashed linegs and InAs(dash-dotted lines (c) The b/a and c/a ratios of the relaxedmm?2 structure at the volume
V=0.629%g%., as a function of the internal parameter

Moreover, as th&Cmcmdistortion increases the bonds be- Aoy, and Ao, induced by the shearing tend to deform the
come less well defined and the charge density becomesll by increasind/a and decreasing/a with respect to the
smoother, i.e., the system becomes more free-electron-likecksalt valued/a=c/a=1. These tendencies are in agree-
and the kinetic energy is lowered. At low pressures the NaCinent with the values of the parameters for the fully relaxed
structure is stabilized by strong interatomic bonding, but alCmcmstructure at this volumésee Sec. Y. Also note that
higher pressures the packing constraints become more inthe shearing reduces the pressarend thus further lowers
portant. The main features of this picture remain unchangethe enthalpy of the distorted phase with respect to the rock-
when the full cell relaxation is considered. salt structure.
The analysis of the forces on the atoms and the stress on
the cell that appear on shearing of @0 planes reveals
the origin of the further distortions that lead to t@amcm
structure. This analysis is shown in FiggciBand &d). The We have also considered in detail the case oflthm2
forces f, and f 5 depicted in Fig. &) are the generalized structure for these compounds. In order to investigate the
forces related, respectively, to the shearing parametnd  stability of the Imm2 structure we have performed calcula-
to the puckering parametet, which can be obtained from tions onlmmz2 at different volumes, fixing the value of the
the calculated Hellmann-Feynman forces on each atomithternal parametep within its range of variation 0.25-0.5
speciesf, andfg.3° Figure 8d) shows the diagonal compo- and relaxing the shape of the orthorhombic cell at fixed vol-
nents of the stress tensot,, o,,, andoss, related to the ume andv.
X, y, andz directions, respectively. The “anisotropy” in the ~ The energies obtained in this way for GaP are plotted in
diagonal components of the stress tensdvo,= Fig. 9@, where the different symbols represent our calcu-
(20— 033— 011 and Ao,=3(2033— 05— 01;) are the lated values at a certain fixed volume. In FigbPwe plot
generalized forces related to the cell shape parameters #te energy difference between tHenmm (v=0.5 and
fixed volume, namely, the axial ratitda andc/a. (A posi-  B-tin (v=0.25 andb/a=1) structures as a function of vol-
tive value of these forces means a decrease in energy if tHgne.(Also shown for the sake of completeness is the differ-
corresponding axial ratio increase$he values of the gen- ence in energy between ti@mcm and S-tin structures.
eralized force related to the volumihe pressurer= Finally, Fig. 9c) shows the axial ratiob/a andc/a corre-
(o1t 09t 039) ], Aoy, andA o, are also depicted in Fig. sponding to the shape-relaxed structures as a function of the
8(d). At the reduced volume considered in these figures, wénternal parametes, for the volumeV=0.629/§5..
see that a shearing produces a positivé.e., nonrestoring Figure 9c) is illustrative of our results for the cell shape
forcef,. A force f 5 also arises, which causes the puckeringrelaxation. We note that at=0.25 the minimum-energy
of the atomic rows. Finally, the non-negligible values of structure corresponds, in all cases investigated, tqGttie

F. Stability of Imm2
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structure; that is, upon relaxation of the axial ratios of the 0.100
Imm2 structure withv =0.25, we findb/a=1. This means A
that the tetragonaB-tin structure is stable against a purely - A ()
orthorhombic distortion of the cell. However, it is not always AL

stable against a more genefaim2 distortion, as will be 0.095 1= N N
shown. We also note that th@onzerg slope of both the R“
(b/a)-v and the €/a)-v curves atv =0.25 is accounted for o A
by the symmetry properties of tHenm2 structure discussed 009 ¢
in Sec. 1B} as is the zero slope of these curves at
v=0.5.

At each fixed volume, symmetry considerations ensure 0.085 ! | ! | L I !
that theE-v curves plotted in Fig. @ have either maxima 0.122 | |
or minima at bothv =0.25 andv =0.5, the extrema of the ! ! |
interval of variation ofv. At large volumesp =0.25 corre- - ® . (b) T
sponds to a minimum in the energy ane0.5 corresponds < .
to a maximum, as shown in the figure. Thus Bwin struc- 017 = © O * _
ture is the mechanically stablenm2 structure at large vol- @ N < R _
umes(and correspondingly low pressuye#\s the volume *®
decreases, the difference in energy between the maximum at 0.112 — —]
v=0.5 and the minimum at=0.25 decreases. At a volume A A A A L
of approximatelyV,=0.630/§3, both the B-tin structure " AL AL 4
andImmm structures have the same enefgge Fig. &)]. 0.107 I L | ! | !
Around this volume, th&-v curves depicted in Fig.(8) are 0.75 0.80 0.85 0.90 0.95
essentially flat. As the volume is further reduced, the energy Volume
of the Immm structure becomes lower than that of the
B-tin structure. Thelmmm structure ¢ =0.5 corresponds
now to a minimum in thee-v curve and is the stablenm?2

FIG. 10. x5 (Ga/ln andxg (P/A9 internal parameters for the

structure. The extremum at=0.25 has turned into a maxi- relaxed scl6 structure of the three compounds, as a function of
) : volume (normalized to the calculated equilibrium volume of the

mum Of. theE-v curve. Thus theg-tin structure becomes zinc-blende phageThe symbols correspond to Géflangles, InP
mechanically unstable at low volumes, at which the Stabl?diamond; and InAs(filled diamonds.
Imm2 structure issmmm

We could not locate a maximum or minumum, other thang 4in strycture is not mechanically stable at any positive

those atv=0.25 andv=0.5, for any of theE-v curves  ,roqqre. This result is in line with previous calculations for
shown in Fig. a), each corresponding to a different volume. |,gp,36

An extremum could exist at somebetween 0.25 and 0.5 for
volumes close t&/., where theE-v curves are very flat, but
it must be extremely shallowwvell below 1 meV per formula
unit). On account of this extremely small difference in en- In this section we present the calculated values of the
ergy between structures with differanear the onset of the structural parameters for the relaxed scIBmcm and
mechanical instability of theg-tin structure, the vibrational Immm structures. At the moment there is no experimental
degrees of freedom of the crystal could play an importantiata with which to compare these values. However, the val-
role in stabilizing the actual stable structure. Thus theraies given here may help in the identification of phases in
could be a small region of stablenm?2 structures withv in  experimental data. Moreover, the present level of accuracy of
the range 0.25-0.5, near the pressure of coexistence of thfgh-pressure x-ray-diffraction experimehshould make it
B-tin and Immm structures 390 kbaj. possible to study experimentally the evolution of the struc-
We stress the importance of the cell-shape relaxation inural parameters with pressure in some cases, which will al-
Imm2 This is shown by the two dashed curves in FiG@9 low for a very detailed comparison between theory and ex-
which represent the energy obtained by varyimgwhile  periment.
keeping the shape of the cell fixed to that of the fully relaxed In Fig. 10 we show values of the, (Ga/In) andxg (P/A9
Imm2 structure at eithery=0.25 (left dashed curyeor internal parameters, defined in Ref. 6, for the sc16 phases of
v=0.5 (right dashed curve for the vqumeV=0.62W8?hZ. GaP, InP, and InAs as a function of volunté similar plot
The rapid growth of these energy curves away fromfor sc16-GaAs was given in Ref.)6As was previously
v=0.25 andv =0.5, respectively, is in sharp contrast to the found for GaAs, the internal parameter related to the anion is
rather flat behavior of the energy curve for the cell-shapdarger than for the cation. At zero pressure we obtain
relaxed structure at this volume. Xea=0.0924 and xp=0.1097 (GaP, x,,=0.0891 and
For InP and InAdsee Fig. ®)] we find that, in the range xp=0.1144(InP), and x,,=0.0893 andx,;=0.1147 (InAs)
of positive pressures investigated, ey curves forimm2  [cf. the experimental zero pressure value of the internal pa-
always have a unigue minimumat0.5 and a unique maxi- rameterx of about 0.1025 in bc8 SRef. 41 and our calcu-
mum atv =0.25, i.e., we find thatmmmis always favored lated value of 0.102QRef. 12.
over the more generdmm?2 structure and also that the  The structural parameters of tancmphases are of par-

V. STRUCTURAL PARAMETERS
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ticular importance as this phase could be stable in each of thEhe important different point is that the relatively high-
compounds studied. In Figs. (B]—11(d) we plot the values symmetry rocksalt and3-tin phases, which were once
of b/a, c/a, u, and é as a function of volume. Note that at thought to be common among the high-pressure phases of

volumes close to the onset of the instability of rocksalt to thej|l-v and 11-VI compounds, are often unstable to symmetry
Cmcmdistortion (the higher volumes plottedhe structure  |owering distortions.

is very soft and the determination of the parameter values is |n the present study we have included several phases of

difficult. Consequently, our results at large volumes are lesgap, Inp, and InAs that have not been studied previously.

precise than those at small volumes. As the volume inye have considered in detail ttf@mcm and Imm2 struc-
creases, th&€ mcm distortion of the rocksalt cell tends to

disappear and thus the magnitude of both itthe and c/a

ratios tend to 1 and the shearing and puckering parameters 0.56 l | ' | ' [ ‘

u and é tend to 0, leading to the rocksalt structure. On the B N
other hand, the trend is thhta decreases anda increases 0.55 _
from the rocksalt value of 1 as the volume is reduced. As o 054 B p-tin-GaP & ]
noted in Sec. IV E these tendencies are in agreement with the .5 ™" | % . 4
analysis of the generalized forces related to these parameters, & (530 5 AQAA . .
which arise when a pure shearing is imposed on the rocksalt < L * TR 4 -
structure. The shearing distortion from the rocksalt structure S 052 A ’g —
increases as the pressure increases. The values of the puck- - A & 7]
ering parameterd seem to be, in all cases, rather small. 0.51 (@) —
[Compare these calculated values with the experimental - o° | | | | | L]
value of 0.06 in the case of CdTe at about 186 KiRef. 3.] 0.50 '

The variation with volume of the/a andb/a ratios for 0.95 S I 7
thelmmmstructures are shown in Figs. (&B2>-12(b), respec- - < (b) 7]
tively. Also shown, for the sake of comparison, is the varia- 0.94 AR A ]
tion of thec/a ratio of the 8-tin structure of GaP. The/a ° -A o A DAAN .
ratios decrease as the pressure is increased, whereas the -Z ¢93— * A —
b/a ratios tend to increase with increasing pressure. Note s L ‘09 * -
that at a pressure of about 250 kbar our calculdtdratio Son 1 VN —
for Immm GaP is approximately equal t¢3~1.732, for o L A -
which the arrangement of thsitesis the same as in the 091 |— © ca &
monatomic simple hexagonal structuisee Sec. )l In the | * -
range of pressures 160-700 kbar@.70-0.55§5%) the o L, |
b/c ratio of Immm GaP increases from about 1.70 to 1.77 0.9 0.4 0.5 0.6 0.7 0.8
and thus it differs only by a few percent from this special Volume
value.

V1. CONCLUSION FIG. 12. Same as Fig. 11, but for tkéa andb/a ratios of the

Immm structure of GaP(triangles, InP (diamondg, and InAs
Our understanding of the high-pressure phase diagrams dflled diamond$. Thec/a ratio for theB-tin structure is also shown
[1I-V compounds is undergoing a period of rapid evolution. in (a) (downward triangles and solid cupve
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tures, which are symmetry lowering distortions of the rock-the sense that their enthalpies are considerably below those
salt andg-tin structures, respectively. Together with our pre-of the other phases at some pressures. Further experimental
vious work on GaAgRef. 6 we now have enough results to work is required at the more elevated pressures at which
start to put together a different systematics of the highdmm2phases are predicted to be stable.
pressure phases of Ill-V compounds. We have also considered the issue of the stability of a
We have found stabl€mcmphases in GaAs, InP, and scl6 phase in these compounds. Our calculations indicate
InAs and a stable or nearly stadlancmphase in GaP. The that sc16 is not thermodynamically stable in either InP or
rocksalt structure is predicted not to be stable at any pressutsAs, but we do find a range of thermodynamical stability for
in GaP and GaAs, while in InP and InAs there is a pressurecl16 GaP, as we found previously for sc16 Gédthough
region where it is stable. These findings are in line withit may well be possible that a direct-zbsc16 transition does
recent experimental investigations by McMahon andnot occur, it is nevertheless interesting that there is a pre-
Nelmes! The driving force for the instability of the rocksalt dicted range of thermodynamical stability for both sc16 GaP
structure to theCmcmdistortion is the shearing of alternate and sc16 GaAs.

(010 planes in thd001] direction. A different systematics of the high-pressure phase dia-
Our results indicate that stablem2like phases could be grams of 1lI-V compounds is now under construction. This
observed experimentally at higher or even similar pressurearea of high-pressure research is producing different and ex-

to those at which theCmcm phases are expected to be citing results that are fostering a stimulating interplay be-
stable. For the two D compounds considered here we havetween theory and experiment.

found that thelmmm structure(i.e., Imm2 with v =0.5) is
mechanically stable in the whole range of positive pressures
investigated. For GaP there is a range of lower positive pres-
sures where the8 tin structure is mechanically stable. At ~ We acknowledge fruitful discussions with R. J. Nelmes,
higher pressuresB-tin becomes unstable. At pressures M. I. McMahon, S. A. Belmonte, and A. Maz. We thank J.
around the onset of the instability gftin GaP, a continuum M. Besson for bringing Ref. 30 to our attention. This work
of Imm2structures could exist, with increasing within the was supported by the Engineering and Physical Sciences Re-
range from 0.25 to 0.5 as pressure increases. At high presearch Counci(United Kingdom. A.M. acknowledges par-
suresimmm GaP ¢ =0.5) is favored® We emphasize that tial financial support from tha&’, HCM Network (Contract

the Imm2like phases in our calculations are very stable inNo. ERBCHRXCT93036p
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