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Theoretical study of the high-pressure phase stability of GaP, InP, and InAs
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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 theCmcmphase, which is a distortion of the rocksalt structure, and the
Imm2and sc16 phases, which have been suggested as stable high-pressure phases of III-V compounds. Our
work relates directly to recent experimental work on III-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 stableCmcmphases in InP and InAs and a stable or nearly stableCmcmphase 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 III-V compounds.@S0163-1829~97!03215-3#
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I. INTRODUCTION

Recent developments in angle dispersive powder x-r
diffraction techniques as applied to high-pressure exp
ments have greatly increased the resolution that can
achieved.1 These improvements have led to a reevaluation
the high-pressure phase diagrams of many materials.2,3 At
the same time the capabilities of first-principles electron
structure calculations have improved and predictions of n
stable high pressure phases have been made. One res
these developments has been the complete rewriting of
high-pressure phase diagrams of some III-V and II-
compounds.3,4 No doubt there are more experimental disco
eries and theoretical predictions and rationalizations to co

A remarkable feature of the emerging picture of the hig
pressure phases of III-V and II-VI compounds is that t
highly symmetrical rocksalt phase, if present, has a sma
range of stability than previously thought and theb-tin struc-
ture, which was once thought to be common in these co
pounds, is now thought to be rather uncommon. Indeed,
cent experimental work5 has indicated that all, or almost al
previously reported occurrences ofb-tin phases in III-V
compounds are incorrect. The actual phases are now tho
to be either an orthorhombic structure referred to asCmcm
after its space group or a structure closely related to
b-tin structure known asImm2~see Sec. II! or its site disor-
dered counterpartImma. The Cmcm structure can be re
garded as a distortion of the rocksalt structure. Being a
tortion of the rocksalt structure, theCmcmphase is likely to
be stable in those compounds having stable or near st
rocksalt phases. It is therefore desirable to investigate m
closely all reports of stable rocksalt phases in III-V and ot
compounds. StableCmcm phases have recently been o
served in several II-VI and III-V compounds.1 An early the-
oretical treatment of aCmcm phase was our study o
CmcmGaAs,6,7 which identified this as the structure of th
experimentally observed phase known as GaAs-II. More
550163-1829/97/55~15!/9659~12!/$10.00
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cently a theoretical study of ZnTe has appeared8 that sup-
ports the experimental finding3 of a stableCmcmphase in
this compound. Recent experimental and theoretical w
has raised a number of other questions regarding the h
pressure phase diagrams of these compounds. For exam
calculations by Crainet al.10 indicated that under increasin
pressure the zinc-blende phases of GaAs, InAs, and A
would become unstable to the so-called sc16 phase, whic
the binary analogue of the bc8 structure observed as a m
stable phase in silicon11,12 and germanium.9,13 Although the
original calculations10 were subsequently found to be ina
curate, more careful studies6 have predicted that sc16 GaA
could in fact be stable over a very small pressure ran
Conclusive experimental evidence for the existence o
stable sc16 phase in any III-V compound is, however, s
lacking.

In this contribution we have studied the high-pressu
phases of GaP, InP, and InAs, taking into consideration
cent candidate structures such as sc16~see Ref. 6! and
Cmcm and Imm2 ~which are described in Sec. II!, along
with the well-known zinc-blende~zb!, rocksalt ~NaCl!, ce-
sium chloride ~CsCl!, b-tin, and nickel arsenide~NiAs!
structures.14 A brief description of the calculations is give
in Sec. III. In Sec. IV we report and discuss our results on
phase stability of these compounds with special attention
the Cmcmand Imm2phases. In Sec. V we present the r
sults for the structural parameters of the phases. Finally
Sec. VI we draw the conclusions from our study.

II. DESCRIPTION OF THE STRUCTURES

A. The Cmcm structure

A brief description of theCmcm structure is given in
Refs. 6 and 7 but here we give a more detailed descript
introducing the notation that we will use.Cmcm has an
orthorhombic primitive unit cell containing twoA-B pairs,
whereA and B are the atomic species forming the bina
9659 © 1997 The American Physical Society
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9660 55A. MUJICA AND R. J. NEEDS
compound. TheCmcmstructure is depicted in Fig. 1~b!. The
structure is defined by the three lattice constantsa, b, and
c, and two internal parametersuA and uB , which relate to
the positions within the unit cell of one type of atomic sp
cies. In a Cartesian coordinate system the translation vec
of Cmcmare

a15~a,0,0!, a25~0,b,0!, a35S a2,0,c2D ~1!

and the positions of the four atoms in the unit cell are

A:t15S 2
a

4
,2

b

4
,2

c

4
uAD ,

B:t25S a4 ,2 b

4
,2

c

4
uBD ,

A:t35S a4 , b4 , c4 uAD ,
B:t45S 2

a

4
,
b

4
,
c

4
uBD . ~2!

Apart from a change in orientation, an identical structure
obtained by replacinguA anduB by 2uA and2uB , respec-
tively, or by replacinguA and uB by 22uA and 22uB ,
respectively. Thus we may restrict the values ofuA anduB to
lie between 0 and 1.

FIG. 1. Representation of the~a! rocksalt,~b! Cmcm, ~c! Imm2,
and ~d! Immm structures. The atoms in the basis of theCmcm
structure are labeled 1–4. The lattice generators of theCmcm
structure are shown in bold. This picture corresponds tou50.35
andd50.03. TheImm2structure represented in~c! corresponds to
v50.25. Whenv50.5 the Imm2 structure becomes theImmm
structure depicted in~d!.
-
rs

s

Figures 1~a! and 1~b! show that theCmcmstructure can
be constructed from the rocksalt structure by a sequenc
distortions consisting of~i! an orthorhombic adjustment o
the axes,~ii ! a shearing of alternate~010! planes in the@001#
direction, and~iii ! a puckering of the atomic rows in th
@100# direction. With reference to the rocksalt structure, t
atoms inCmcmare contained in flat~010! planes, but the
rows of atoms along the@100# direction within each plane
are slightly puckered. The internal parametersuA and uB
represent the relative displacement of the alternate~010!
planes for each sublattice that is composed of a single ato
species. The net shearing of the planes is measured by
parameteru5 1

2(uA1uB). The puckering of the atomic row
arises becauseuA is not equal touB ~although in practice
their values are close!. This puckering is measured by th
parameterd5 1

2(uA2uB). The Cmcm structure can be de
scribed in terms ofuA anduB or in terms ofd andu. The
latter description will be more convenient when we discu
the instability of the rocksalt structure to the shearing a
puckering distortions. The undistorted rocksalt structure
obtained when uA5uB50 ~equivalently, u5d50! and
b/a5c/a51. If uA5uB, then d50 and the structure is
sheared, but the atomic rows are not puckered. If, on
other hand,uA52uB , thenu50 and the structure is puck
ered, but not sheared.

The four structural degrees of freedom ofCmcmat fixed
volume can lead to a variety of different coordination nu
bers, with bond lengths and the identity of close neighb
depending on the values of the parameters. Experiment
the coordination number has been found to range from six
the case of the rocksalt structure, to nearly eight. ForuA5
uB50.5 and proper values for the axial ratios the arran
ment of the atomic sites can be made hexagonal~with the
c axis in thex direction!.15

The Cmcm structure is related in a simple way to th
structure that has been incorrectly referred to asAmm2.16

This structure was once thought to be stable in a variety
II-VI and III-V compounds under pressure. It corresponds
takinguA5uB ~i.e., d50!. However, no symmetry consider
ation can favord being zero in binary compounds, as th
symmetry is not changed by fixingd50 in Cmcm, and the
structure is in general unstable towards the more gen
Cmcmstructure withdÞ0.7 Thus there seems to be no goo
reason why this degree of freedom should bea priori ne-
glected in an analysis of theCmcm structure, although in
practiced is rather small for several compounds~see Sec.
V!.

B. The Imm2 structure

The Imm2structure is body-centered orthorhombic and
unit cell contains a singleA-B pair. The structure is defined
by the three lattice constantsa, b, and c and one internal
parameterv. The Imm2structure is represented in Figs. 1~c!
and 1~d! for the two important casesv50.25 andv50.5. In
Cartesian coordinates, the translation vectors ofImm2are

a15S 2
a

2
,
b

2
,
c

2D , a25S a2 ,2 b

2
,
c

2D , a35S a2 , b2 ,2 c

2D
~3!
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TABLE I. Calculated and experimental values of the equilibrium lattice constanta0, bulk modulusB0,
and pressure derivative of the bulk modulusB08 at zero pressure, for the zinc-blende phase of each of
compounds studied.

GaP InP InAs
Calc. Expt. Calc. Expt. Calc. Expt.

a0 ~Å! 5.411 5.447a 5.942 5.869a 6.122 6.058a

B0 ~Mbar! 0.90 0.91a 0.68 0.71a 0.56 0.58a

B08 4.5 4.9 4.6

aReference 42.
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and the positions of the two atoms in the unit cell are

A:t15S 2
a

4
,2

b

4
,2

c

2
v D ,

B:t25S 2
a

4
,
b

4
,
c

2
v D . ~4!

As in the case ofCmcm, the three independent degrees
freedom ofImm2 at fixed volume allow a variety of coordi
nations that in practice range from nearly six to eight. T
following properties ofImm2 limit the range of variation of
v. Replacingv by 12v leaves the structure unchange
apart from a reflection in thex-y plane. Also, replacingv by
0.52v together with interchanging the axis lengthsa and
b leaves the structure unchanged~except for a 90° rotation
about thez axis!. We may thus restrictv to have values
between 0.25 and 0.5.

Whenv50.25 andb/a51 the symmetry is increased an
the Imm2 structure becomes the binary analog of theb-tin
structure, with the replacement of the two atoms in the m
atomicb-tin unit cell by the two different atomic species o
the binary compound. Whenv50.5 the symmetry is again
increased and the structure becomes centrosymmetric
space groupImmm. Note that forb/c5A3 andv50.5, the
arrangement of the lattice ofsitesis the same as in the mon
atomic simple hexagonal structure, with thec axis in thex
direction. However, when acrystal composed of two differ-
ent atomic species is considered, each occupying one o
two atomic sites of a monatomic simple hexagonal cell
this representation, no extra symmetry is introduced w
the axis lengths obey this relation. Thus, contrary to
monatomic case, in the minimum~or maximum! energy
structureb andc are not related by any symmetry conside
ation whenv50.5. This fact was apparently neglected
early theoretical29 and experimental18 works in which the
structure withv50.5 andb/c5A3 was considered to be th
binary analogue of simple hexagonal. It was assumed
the above relation between lattice constants followed fr
symmetry considerations in binary compounds and con
quently one degree of freedom was omitted from the an
sis.

III. CALCULATIONAL DETAILS

The calculations were performed within the framework
the density-functional formalism, using the plane-wa
pseudopotential scheme with the Ceperley-Alder form19 of
the local-density approximation~LDA !. We used norm-
f

e

,

-
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he

n
e
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-

f

conserving pseudopotentials20 constructed via the Kerke
scheme,21 which included scalar relativistic effects. For th
cation pseudopotentials~Ga31 and In31) we included non-
linear core-valence exchange-correlation corrections,22,23,17

which are important for these atoms. For all the calculatio
reported here we used basis sets containing plane wave
to an energy cutoff of 24 Ry. To resolve the small ener
differences between phases very-high-quality Brillouin-zo
integrations are required.24 For the metallicCmcmand NiAs
phases, which both have four atoms per unit cell, we used
312314 and 14314310 meshes respectively, referred
the choice of lattice vectors given in Sec. II. For the meta
NaCl, CsCl, andImm2structures, which have two atoms p
unit cell, we used 16316316 meshes. For the semiconduc
ing zinc-blende phases~two atoms per unit cell! and for sc16
~16 atoms per unit cell! we used 83838 meshes and 434
34 meshes, respectively. The forces on the atoms and c
ponents of the stress tensor were calculated and used in
relaxation of the structures.25 The uncertainties in the energ
differences between phases due to all numerical approxi
tions ~basis set, Brillouin zone integration, relaxation of t
structures, etc.! are estimated to be less than 5 meV per f
mula unit. There are of course additional approximations
our calculations due to the use of the LDA, the pseudopot
tial approximation, and the neglect of zero-point motion, e

The calculated zero-pressure lattice constants and
moduli of the zinc-blende phases are given in Table I, alo
with experimental data. In each case the agreement betw
the theoretical and experimental values is very good.

IV. STABILITY OF THE PHASES

In Figs. 2, 3, and 4 we show the energy-volume (E-V)
curves for the various phases of GaP, InP, and InAs. For
Imm2structures, we have plotted only theE-V curves corre-
sponding tov50.25 (b tin! and tov50.5 (Immm) ~see Sec.
IV F!. In these graphs the volumesV are given in terms of
the theoretical zero-pressure volumes of the zinc-ble
phases, which can be obtained from the lattice consta
given in Table I. The continuous lines in Fig. 2 are Cheb
shev polynomial fits to the calculated data. The estima
error in each fit is less than 1024 eV per formula unit. The
energy is given with respect to the calculated energy of
zinc-blende phase at zero pressure. In each figure, graph~a!
and ~b! correspond, respectively, to the higher- and low
volume regions investigated in each compound. Due to
number of structures considered and the closeness of som
theE-V curves, we show in the insets an enlargement of
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more congested areas of each graph.
At each volume, the pressurep was calculated by differ-

entiation of the fittedE-V curves. The values of the pressu
calculated in this way are in good agreement with those
culated directly using the stress theorem.25 Thep-V relations
for the more important structures of the three compou
considered are plotted in Figs. 5–7~a!. Thep-V relations are
important as, unlike theE-V curves, they can be directl
compared with experimental data for the stable phases.
thermodynamically stable phase at a given pressure and
perature is the one with the lowest Gibbs free energy. In
theoretical study we work at zero temperature, so that
relevant thermodynamic potential is the enthal
H5E1pV. Figures 5–7~b! show enthalpy-pressure (H-p)
curves for the three compounds. In Table II we summar
the pressures at which the more relevant crossings of
enthalpy curves take place and the value of the volume
each structure at these pressures.

A. GaP

We predict that the zinc-blende structure becomes th
modynamically unstable to sc16 at a pressure of 147 k

FIG. 2. Energy-volume curves for the various structures con
ered for GaP.~a! High-volume region.~b! Low-volume region. The
energies~in eV per formula unit! are given with respect to the
energy of the zinc-blende phase at zero pressure. The volume
given in terms of the calculated zero-pressure volume of the z
blende phaseV0,the

GaP 5 39.61 Å3 per formula unit. The insets enlarg
the more congested areas of the figures.

FIG. 3. Same as Fig. 2, but for InP (V0,the
InP 5 52.46 Å3 per

formula unit!.
l-

s

he
m-
r
e

e
he
of

r-
r.

sc16 GaP is predicted to become unstable to theb-tin struc-
ture at 203 kbar and unstable to theCmcmstructure at 204
kbar. These pressures are the same to within the error ba
our calculations and we conclude that these phases
equally stable at these pressures. As the pressure is fu
increased theb-tin structure becomes more stable th
Cmcm. At still higher pressure transitions are predicted
the Immmstructure at 388 kbar and then to the CsCl stru
ture at a pressure greater than 2500 kbar.

AlthoughCmcmandImmmGaP were not considered i
previous calculations, some comparisons with our results
still possible. For example, Garcı´a and Cohen26 calculated
that the zinc-blende phase becomes unstable to NaCl
pressure of 188 kbar, which is close to our calculated va
of 183 kbar.

-

are
c-

FIG. 4. Same as Fig. 2, but for InAs (V0,the
InAs 5 57.36 Å3 per

formula unit!.

FIG. 5. ~a! Volume-pressure and~b! enthalpy-pressure curve
for the different structures of GaP investigated. At each pressure
enthalpy is measured with respect to the enthalpy of the rock
structure. The more relevant crossings between theH-p curves are
summarized in Table II. Only thep-V curves of the more importan
structures are plotted.
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Comparison with experiment is complicated by three c
siderations:~i! many first-order transitions show significa
hysteresis due to kinetic effects, so that the onset of the t
sition does not correspond to the coexistence pressure o
two phases,~ii ! if the kinetic barriers are very large a trans
tion may be entirely suppressed, and~iii ! some of the very
small enthalpy differences between phases are at the lim
the resolution of our calculations. The above predicted
quence of phase stability should be viewed with these fa
in mind. First, to date there is no experimental observation
an sc16 phase in any III-V compound, and it has been arg

FIG. 6. Same as Fig. 5, but for InP.

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

n-
he

of
e-
ts
f
ed

that a direct transition from zinc blende to sc16 will n
occur in binary compounds because of kine
considerations.10 If the transition to a sc16 phase is su
pressed by kinetic factors then we predict that the zi
blende phase would become unstable to theCmcmstructure
at a pressure of 177 kbar. The predicted volume reductio
large ~about 18%).CmcmGaP would then be ametastable
phase from 177 kbar up to 197 kbar, where it becomes
stable to theb-tin phase. Second, as mentioned above,
Cmcmandb-tin phases are close in enthalpy at pressure
the range 150–250 kbar, so that we cannot rule out the
istence of athermodynamicallystableCmcmphase between
the sc16 andb-tin phases@see the inset of Fig. 5~b!#. Third,
we do not rule out the existence of a stableImm2phase with
v between 0.25 (b tin! and 0.5 (Immm). We will comment
further on theb-tin→Immm transition and the possible sta
bility of an intermediateImm2phase in Sec. IV F.

TABLE II. Values of the coexistence pressurespe at which the
enthalpy curves for the different structures shown in Figs. 5–7~b!
cross each other. The structure to the right of the arrow~II ! is more
stable at pressures above the coexistence pressure. Only the
relevant crossings for each compound are listed. The volume
formula unit of each structure at the coexistence pressure is
given.

I→II pe ~kbar! Ve
I ~Å 3) Ve

II ~Å 3)

GaP
zb→sc16 147 34.96 31.97
zb→Cmcm 177 34.30 28.21
zb→b tin 178 34.28 27.64
zb→NaCl 183 34.17 28.65
zb→NiAs 211 33.59 28.38
zb→CsCl 302 32.01 25.50
sc16→Cmcm 204 30.84 27.73
sc16→b tin 203 30.85 27.24
Cmcm→b tin 197 27.85 27.33
b-tin→Immm 388 25.06 24.94
Immm→CsCl @2500 16.76 16.48

InP
zb→NaCl 56 48.87 39.87
zb→sc16 73 48.05 43.60
zb→NiAs 80 47.64 39.45
zb→b tin 94 47.02 37.45
zb→CsCl 138 45.27 35.28
NaCl→Cmcm 110–120 38.1–37.9 38.1–37.9
Cmcm→Immm 503 30.51 30.20
Immm→CsCl 1020 26.15 25.86

InAs
zb→NaCl 39 54.02 43.94
zb→sc16 53 53.03 48.16
zb→NiAs 56 52.83 43.64
zb→CsCl 86 51.05 39.76
zb→b tin 51 53.20 42.05
NaCl→Cmcm 30–45 44.2–43.7 44.2–43.7
Cmcm→Immm 240 36.65 36.38
Immm→CsCl 670 30.56 30.00
Cmcm→CsCl 560 31.72 31.04
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In early experimental work a transition from zinc blen
to a disorderedb-tin phase was reported to occur at 2
kbar.27 However, preliminary experimental studies b
Nelmes and McMahon5 indicate that theb-tin phase is not
stable in GaP and that the diffraction pattern of the po
recovered phase is indeed remarkably similar to those for
Cmcmphase in a variety of other compounds. Our findin
support this preliminary experimental evidence of a sta
Cmcmphase in GaP. Furthermore, Besson and co-worke28

have observed irreversible opacity in GaP at about 180 k
which is close to our value for the zinc-blende→Cmcmtran-
ca
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sition pressure of 177 kbar. We further predict the stability
b-tin and Immm phases at higher pressures. We calcul
the Cmcm→b-tin transition pressure to be 197 kbar, a
though this value is subject to an error bar of615 kbar
because the enthalpies of these phases are very similar o
large range of pressures. The calculated coexistence pre
of theb-tin and Immmphases is 388620 kbar. Finally, we
predict that theImmmphase becomes unstable to the Cs
phase at very high pressures, above 2500 kbar. No exp
mental study of GaP at these high pressures has bee
ported so far.
B. InP

For InP we predict

zinc-blende ——→
56 kbar

NaCl ——→
1102120 kbar

Cmcm ——→
503 kbar

Immm ——→
1020 kbar

CsCl.
rs
ult
alt
si-
r
n
hra

ase
ther
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ima-
e of
-
us
n
ese
ge-
oo
16
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that
e

l
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se
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case
~The numerical values over the arrows correspond to the
culated pressures at which the enthalpies are equal.!

We have not found a thermodynamically stable sc
phase for InP. Instead we predict a zinc-blende→rocksalt
transition at 56 kbar. This transition pressure is significan
lower than the value of 128 kbar reported in the theoret
study by Zhang and Cohen.29 We note, however, that thes
authors did not include nonlinear core-valence exchan
correlation corrections, which are important for In com
pounds. Calculations by Garcı´a and Cohen26 indicate that
including these corrections reduces the zinc-blen
→rocksalt coexistence pressure by about 60 kbar in GaP
by about 40 kbar in GaAs. Experimentally a transition fro
zinc-blende to rocksalt has been reported to occur at
kbar,30 which is somewhat above our value. However,
note that Bessonet al.31,28 have suggested that most expe
mental transition pressures in III-V compounds quoted p
to their paper should probably be revised downward.

We predict a second-order or very weakly first-ord
rocksalt→Cmcm transition in the pressure range 110–1
kbar, the softness of the structure in this region making
very difficult to locate the transition pressure precisely~see
Sec. IV E!. Menoni and Spain30 reported a transition from
the rocksalt to theb-tin phase at about 190 kbar. We no
that in preliminary work Nelmeset al.3 have found no sign
of a transition at 190 kbar, but have found indications o
‘‘ Cmcm-like’’ phase at about 340 kbar. This observation
in agreement with our predicted sequence of phase tra
tions, although theCmcmphase was observed at pressu
considerably above our calculated transition pressure.
predict further transitions fromCmcm InP to Immm at
about 500620 kbar and then to the CsCl structure at 10
630 kbar, but there have been no experimental invest
tions reported in this high-pressure regime.

C. InAs

The phase diagram for InAs is similar to that for InP, a
we predict the same sequence of stable phases. The
blende→rocksalt coexistence pressure is calculated to be
l-

6

y
l

e-

e
nd

5

r

r

it

a

si-
s
e

a-

nc-
9

kbar. TheCmcmdistortion of the rocksalt structure appea
in the pressure range 30–45 kbar, and therefore it is diffic
to say whether there is any region of stability for the rocks
structure at all. As in the case of InP, our calculated tran
tion from rocksalt toCmcm is predicted to be second orde
or extremely weakly first order. Experimentally a transitio
from zinc blende to rocksalt has been reported by Vo
et al. at 70 kbar.32 Nelmeset al.2 have reported a transition
on increase of pressure at 70 kbar from the zinc-blende ph
to a phase that appears to be a mixture of NaCl and o
structures. They also reported the reverse transition on
creasing pressure at about 30 kbar. A reasonable approx
tion for the coexistence pressure is to take the mean valu
this hysteresis range~50 kbar!, which is in quite good agree
ment with our calculated value of about 40 kbar. A previo
calculation of this transition pressure by Zhang and Cohe29

yielded a value of 84 kbar, although we note again that th
authors did not include nonlinear core-valence exchan
correlation corrections, so that this value is certainly t
high. We have not found a thermodynamically stable sc
phase for InAs.

Vohra et al. also reported a transition from rocksalt to
site disorderedb-tin phase at 170 kbar.32We have not inves-
tigated site disordered structures, but our results indicate
the site-orderedb-tin structure is unstable towards th
Immmstructure~see Sec. IV F!.

At higher pressures we predict transitions fromCmcm
InAs to Immmat about 240625 kbar and then to the CsC
structure at 670612 kbar. No experimental investigation
have been reported in this pressure regime.

D. General remarks on the phase stability

The energy-volume and enthalpy-pressure curves
GaAs ~see Ref. 6! and GaP have similar forms, as do tho
for InP and InAs. Consequently, the phase diagrams of G
and GaAs are similar, as are those of InP and InAs. Th
findings suggest a more important role for the cation than
anion in determining the high-pressure phase diagrams
these compounds. This behavior can be extended to the
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of AlX compounds, withX being As and P. For instance, i
these materials there is experimental33,34and theoretical6 evi-
dence for the existence of a stable NiAs structure, wher
the NiAs structure is not even close to being stable in IX
and GaX compounds.

We have found a pressure range~147–203 kbar! of ther-
modynamic stability for sc16-GaP. We found a similar si
ation in our previous work on GaAs,6 although in that case
the stability range was very small~117–125 kbar!.35 For InP
and InAs we have not found stable sc16 phases. In fact, t
have been no reports of a stable sc16 phase in any I
compound. It has been suggested that the transition from
zinc-blende to the sc16 structure is strongly kinetica
hindered.10 The possibility of obtaining a stable sc16 stru
ture in these compounds as pressure is increased from
zinc-blende phase or released from high-pressure phase
mains an interesting question to be settled by experimen

We have found stableCmcmphases in InP and InAs an
a marginally stableCmcmphase in GaP. Although earlie
experimental works did not report the existence of
Cmcmphase, the results of the present work are in acc
with the recent preliminary experimental investigations
Nelmes and co-workers.2 According to our calculations an
recent experiments,1 in both InP and InAs the zinc-blend
structure becomes unstable to the NaCl structure, whic
turn becomes unstable to theCmcmstructure. In the case o
GaP and GaAs, the rocksalt structure is somewhat highe
enthalpy than theb-tin structure in the range of pressur
where the zinc-blende structure becomes unstable and th
thermodynamically stable rocksalt structure is not expec
However, when theCmcmdistortion of the rocksalt struc
ture is considered, the enthalpy is lowered and theCmcm
structure is favored over the other structures considered.
E-V curves for theImm2andCmcmphases are close at hig
pressures, which is somewhat surprising because the s
tures are not closely related.

It turns out that the much studiedb-tin structure is me-
chanically unstable to aImm2distortion at high pressure~see
Sec. IV F!. In particular, for InP and InAs,b tin is not me-
chanically stable in the whole range of positive pressu
investigated. In view of these results we suggest that
stability of this structure should be reevaluated in all t
binary compounds for which it has been proposed as a st
or nearly stable high-pressure phase. The only previous
oretical study of aImm2structure of a III-V compound is the
study of InSb by Guoet al.,36 who found theb-tin phase to
be unstable to theImm2phase, with thev structural param-
eter being very close to 0.5 at all pressures. Experiment
an Immmphase has been observed in InSb~Ref. 37!, and an
Imm2 phase has been reported in GaAs.19 Further experi-
mental work aimed at observingImmm-like phases in other
III-V compounds would be valuable.

E. Instability of the rocksalt structure
to a Cmcm-type distortion

In order to investigate the mechanism leading to the d
tortion from rocksalt toCmcmwe have performed calcula
tions at fixed volume imposing separately on the rocks
structure each of the three components of the distortion@the
shearing of the alternate~001! planesu, the puckering of the
as
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atomic rowsd, and the orthorhombic distortion of the cell#.
The rocksalt structure turns out to be stable to the cell d
tortion and the puckering alone, but is unstable at reduc
volumes to the shearing of the~010! planes. In Fig. 8~a! we
show the energy obtained when a shearu is imposed on the
rocksalt structure of InP, while keeping the form of the ce
fixed and not allowing for puckering of the atomic rows
Each curve corresponds to a different fixed volume and t
energy is measured with respect to the energy of the rocks
structure at that volume. While the rocksalt structure is stab
to the shearing distortion at large volumes, it becomes u
stable as the volume decreases. The different contributions
the total energy corresponding to this shearing-only deform
tion are plotted in Fig. 8~b!, for the volume 0.632V0,the

InP ,
where ‘‘the’’ denotes theoretical value.38 At this volume the
rocksalt structure is already mechanically unstable to she
ing. As can be seen, the main terms in the total energy le
ing to the distortion are the ion-ion energy (Ei - i) and the
kinetic energy (Ekin), which strongly favor the structures
with u close to 0.5. The Hartree termEH further favors the
distortion, but a delicate cancellation with the rest of th
terms~the exchange-correlation energyExc and the electron-
ion interactionEe- i), which tend to stabilize the rocksalt
structure, produces the minimum in the total-energy curv
shown in the graph. The distance between the ions increa
with theCmcmdistortion, so that the packing is more effi
cient than the NaCl structure. Consequently, the Ewald e
ergy of theCmcm structure is lower than that of NaCl.

FIG. 8. ~a! Change in energy of InP when a shearing of alterna
~010! planes by12uc is imposed on the rocksalt structure, while no
allowing for further deformations of the cell or the atomic chains
Each curve corresponds to a different fixed volume. The energy
measured in eV per formula unit.~b! Different contributions to the
total energy measured wih respect to the values for the rocks
structure. The total energy is also shown, multiplied by 10 in ord
to make it representable on the scale.~c! Forces on each atomic
species (f A and f B) and generalized forces associated with th
shearing parameter (f u) and with the puckering parameter (f d). ~d!
Components of the stress tensor (s1, s2, ands3), and generalized
forces associated with the axial ratiosb/a and c/a (Ds1 and
Ds2) and with the volume (p). ~b!–~d! correspond to the volume
V50.632V0,the

InP .
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FIG. 9. ~a! Energy curves of theImm2structure of GaP as a function of the internal parameterv. Each solid curve corresponds to
different fixed volume. At each volume andv, the b/a andc/a ratios have been relaxed. The different symbols represent the calcu
energies at each volume@in meV per formula unit with respect to the energy of theImmm structure (v50.5!#. The two curves labeled
‘‘unrelaxed’’ correspond, respectively, to fixing the values of bothb/a andc/a to those for the relaxedb tin ~left curve! andImmm ~right
curve! structures.~b! Energy of theImmmandCmcmstructures with respect to theb-tin structure, as a function of the volume for Ga
~solid lines!, InP ~dashed lines!, and InAs ~dash-dotted lines!. ~c! The b/a and c/a ratios of the relaxedImm2 structure at the volume
V50.629V0,the

GaP , as a function of the internal parameterv.
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Moreover, as theCmcmdistortion increases the bonds b
come less well defined and the charge density beco
smoother, i.e., the system becomes more free-electron
and the kinetic energy is lowered. At low pressures the N
structure is stabilized by strong interatomic bonding, bu
higher pressures the packing constraints become more
portant. The main features of this picture remain unchan
when the full cell relaxation is considered.

The analysis of the forces on the atoms and the stres
the cell that appear on shearing of the~010! planes reveals
the origin of the further distortions that lead to theCmcm
structure. This analysis is shown in Figs. 8~c! and 8~d!. The
forces f u and f d depicted in Fig. 8~c! are the generalized
forces related, respectively, to the shearing parameteru and
to the puckering parameterd, which can be obtained from
the calculated Hellmann-Feynman forces on each ato
speciesf A and f B .

39 Figure 8~d! shows the diagonal compo
nents of the stress tensors11, s22, ands33, related to the
x, y, andz directions, respectively. The ‘‘anisotropy’’ in th
diagonal components of the stress tensorDs15
1
3(2s222s332s11) and Ds25

1
3(2s332s222s11) are the

generalized forces related to the cell shape paramete
fixed volume, namely, the axial ratiosb/a andc/a. ~A posi-
tive value of these forces means a decrease in energy i
corresponding axial ratio increases.! The values of the gen
eralized force related to the volume@the pressurep5
1
3(s111s221s33)#, Ds1, andDs2 are also depicted in Fig
8~d!. At the reduced volume considered in these figures,
see that a shearingu produces a positive~i.e., nonrestoring!
force f u . A force f d also arises, which causes the puckeri
of the atomic rows. Finally, the non-negligible values
es
ke
l
t
m-
d
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ic

at

he

e

Ds1 andDs2 induced by the shearing tend to deform t
cell by increasingb/a and decreasingc/a with respect to the
rocksalt valuesb/a5c/a51. These tendencies are in agre
ment with the values of the parameters for the fully relax
Cmcmstructure at this volume~see Sec. V!. Also note that
the shearing reduces the pressurep and thus further lowers
the enthalpy of the distorted phase with respect to the ro
salt structure.

F. Stability of Imm2

We have also considered in detail the case of theImm2
structure for these compounds. In order to investigate
stability of the Imm2 structure we have performed calcul
tions on Imm2at different volumes, fixing the value of th
internal parameterv within its range of variation 0.25–0.5
and relaxing the shape of the orthorhombic cell at fixed v
ume andv.

The energies obtained in this way for GaP are plotted
Fig. 9~a!, where the different symbols represent our calc
lated values at a certain fixed volume. In Fig. 9~b! we plot
the energy difference between theImmm (v50.5! and
b-tin (v50.25 andb/a51! structures as a function of vol
ume.~Also shown for the sake of completeness is the diff
ence in energy between theCmcm and b-tin structures.!
Finally, Fig. 9~c! shows the axial ratiosb/a andc/a corre-
sponding to the shape-relaxed structures as a function o
internal parameterv, for the volumeV50.629V0,the

GaP .
Figure 9~c! is illustrative of our results for the cell shap

relaxation. We note that atv50.25 the minimum-energy
structure corresponds, in all cases investigated, to theb-tin
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structure; that is, upon relaxation of the axial ratios of t
Imm2 structure withv50.25, we findb/a51. This means
that the tetragonalb-tin structure is stable against a pure
orthorhombic distortion of the cell. However, it is not alwa
stable against a more generalImm2 distortion, as will be
shown. We also note that the~nonzero! slope of both the
(b/a)-v and the (c/a)-v curves atv50.25 is accounted for
by the symmetry properties of theImm2structure discussed
in Sec. II B,40 as is the zero slope of these curves
v50.5.

At each fixed volume, symmetry considerations ens
that theE-v curves plotted in Fig. 9~a! have either maxima
or minima at bothv50.25 andv50.5, the extrema of the
interval of variation ofv. At large volumes,v50.25 corre-
sponds to a minimum in the energy andv50.5 corresponds
to a maximum, as shown in the figure. Thus theb-tin struc-
ture is the mechanically stableImm2 structure at large vol-
umes ~and correspondingly low pressures!. As the volume
decreases, the difference in energy between the maximu
v50.5 and the minimum atv50.25 decreases. At a volum
of approximatelyVc50.630V0,the

GaP both theb-tin structure
and Immmstructures have the same energy@see Fig. 9~b!#.
Around this volume, theE-v curves depicted in Fig. 9~a! are
essentially flat. As the volume is further reduced, the ene
of the Immm structure becomes lower than that of t
b-tin structure. TheImmm structure (v50.5! corresponds
now to a minimum in theE-v curve and is the stableImm2
structure. The extremum atv50.25 has turned into a maxi
mum of theE-v curve. Thus theb-tin structure becomes
mechanically unstable at low volumes, at which the sta
Imm2structure isImmm.

We could not locate a maximum or minumum, other th
those atv50.25 andv50.5, for any of theE-v curves
shown in Fig. 9~a!, each corresponding to a different volum
An extremum could exist at somev between 0.25 and 0.5 fo
volumes close toVc , where theE-v curves are very flat, bu
it must be extremely shallow~well below 1 meV per formula
unit!. On account of this extremely small difference in e
ergy between structures with differentv near the onset of the
mechanical instability of theb-tin structure, the vibrationa
degrees of freedom of the crystal could play an import
role in stabilizing the actual stable structure. Thus th
could be a small region of stableImm2structures withv in
the range 0.25–0.5, near the pressure of coexistence o
b-tin and Immmstructures (; 390 kbar!.

We stress the importance of the cell-shape relaxation
Imm2. This is shown by the two dashed curves in Fig. 9~a!,
which represent the energy obtained by varyingv while
keeping the shape of the cell fixed to that of the fully relax
Imm2 structure at eitherv50.25 ~left dashed curve! or
v50.5 ~right dashed curve!, for the volumeV50.629V0,the

GaP .
The rapid growth of these energy curves away fro
v50.25 andv50.5, respectively, is in sharp contrast to t
rather flat behavior of the energy curve for the cell-sha
relaxed structure at this volume.

For InP and InAs@see Fig. 9~b!# we find that, in the range
of positive pressures investigated, theE-v curves forImm2
always have a unique minimum atv50.5 and a unique maxi
mum atv50.25, i.e., we find thatImmm is always favored
over the more generalImm2 structure and also that th
e
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b-tin structure is not mechanically stable at any posit
pressure. This result is in line with previous calculations
InSb.36

V. STRUCTURAL PARAMETERS

In this section we present the calculated values of
structural parameters for the relaxed sc16,Cmcm, and
Immm structures. At the moment there is no experimen
data with which to compare these values. However, the
ues given here may help in the identification of phases
experimental data. Moreover, the present level of accurac
high-pressure x-ray-diffraction experiments3 should make it
possible to study experimentally the evolution of the stru
tural parameters with pressure in some cases, which will
low for a very detailed comparison between theory and
periment.

In Fig. 10 we show values of thexA ~Ga/In! andxB ~P/As!
internal parameters, defined in Ref. 6, for the sc16 phase
GaP, InP, and InAs as a function of volume.~A similar plot
for sc16-GaAs was given in Ref. 6.! As was previously
found for GaAs, the internal parameter related to the anio
larger than for the cation. At zero pressure we obt
xGa50.0924 and xP50.1097 ~GaP!, xIn50.0891 and
xP50.1144 ~InP!, and xIn50.0893 andxAs50.1147 ~InAs!
@cf. the experimental zero pressure value of the internal
rameterx of about 0.1025 in bc8 Si~Ref. 41! and our calcu-
lated value of 0.1020~Ref. 12!.

The structural parameters of theCmcmphases are of par

FIG. 10. xA ~Ga/In! and xB ~P/As! internal parameters for the
relaxed sc16 structure of the three compounds, as a functio
volume ~normalized to the calculated equilibrium volume of th
zinc-blende phase!. The symbols correspond to GaP~triangles!, InP
~diamonds!, and InAs~filled diamonds!.
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FIG. 11. Volume dependenc
of the structural parameters of th
relaxedCmcm structure of GaP
~triangles!, InP ~diamonds!, and
InAs ~filled diamonds!. The vol-
ume is given in terms of the cal
culated zero-pressure volume o
the zinc-blende phase of eac
compound.
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ticular importance as this phase could be stable in each o
compounds studied. In Figs. 11~a!–11~d! we plot the values
of b/a, c/a, u, andd as a function of volume. Note that a
volumes close to the onset of the instability of rocksalt to
Cmcmdistortion ~the higher volumes plotted! the structure
is very soft and the determination of the parameter value
difficult. Consequently, our results at large volumes are l
precise than those at small volumes. As the volume
creases, theCmcm distortion of the rocksalt cell tends t
disappear and thus the magnitude of both theb/a and c/a
ratios tend to 1 and the shearing and puckering parame
u andd tend to 0, leading to the rocksalt structure. On t
other hand, the trend is thatb/a decreases andc/a increases
from the rocksalt value of 1 as the volume is reduced.
noted in Sec. IV E these tendencies are in agreement with
analysis of the generalized forces related to these parame
which arise when a pure shearing is imposed on the rock
structure. The shearing distortion from the rocksalt struct
increases as the pressure increases. The values of the
ering parameterd seem to be, in all cases, rather sma
@Compare these calculated values with the experime
value of 0.06 in the case of CdTe at about 186 kbar~Ref. 3!.#

The variation with volume of thec/a andb/a ratios for
the Immmstructures are shown in Figs. 12~a!–12~b!, respec-
tively. Also shown, for the sake of comparison, is the var
tion of thec/a ratio of theb-tin structure of GaP. Thec/a
ratios decrease as the pressure is increased, wherea
b/a ratios tend to increase with increasing pressure. N
that at a pressure of about 250 kbar our calculatedb/c ratio
for Immm GaP is approximately equal toA3'1.732, for
which the arrangement of thesites is the same as in the
monatomic simple hexagonal structure~see Sec. II!. In the
range of pressures 160–700 kbar (;0.70–0.55V0,the

GaP) the
b/c ratio of ImmmGaP increases from about 1.70 to 1.
and thus it differs only by a few percent from this spec
value.

VI. CONCLUSION

Our understanding of the high-pressure phase diagram
III-V compounds is undergoing a period of rapid evolutio
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The important different point is that the relatively high
symmetry rocksalt andb-tin phases, which were onc
thought to be common among the high-pressure phase
III-V and II-VI compounds, are often unstable to symmet
lowering distortions.

In the present study we have included several phase
GaP, InP, and InAs that have not been studied previou
We have considered in detail theCmcm and Imm2 struc-

FIG. 12. Same as Fig. 11, but for thec/a andb/a ratios of the
Immm structure of GaP~triangles!, InP ~diamonds!, and InAs
~filled diamonds!. Thec/a ratio for theb-tin structure is also shown
in ~a! ~downward triangles and solid curve!.
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tures, which are symmetry lowering distortions of the roc
salt andb-tin structures, respectively. Together with our pr
vious work on GaAs~Ref. 6! we now have enough results t
start to put together a different systematics of the hi
pressure phases of III-V compounds.

We have found stableCmcmphases in GaAs, InP, an
InAs and a stable or nearly stableCmcmphase in GaP. The
rocksalt structure is predicted not to be stable at any pres
in GaP and GaAs, while in InP and InAs there is a press
region where it is stable. These findings are in line w
recent experimental investigations by McMahon a
Nelmes.1 The driving force for the instability of the rocksa
structure to theCmcmdistortion is the shearing of alterna
~010! planes in the@001# direction.

Our results indicate that stableImm2-like phases could be
observed experimentally at higher or even similar pressu
to those at which theCmcm phases are expected to b
stable. For the two InX compounds considered here we ha
found that theImmm structure~i.e., Imm2with v50.5! is
mechanically stable in the whole range of positive pressu
investigated. For GaP there is a range of lower positive p
sures where theb tin structure is mechanically stable. A
higher pressuresb-tin becomes unstable. At pressur
around the onset of the instability ofb-tin GaP, a continuum
of Imm2structures could exist, withv increasing within the
range from 0.25 to 0.5 as pressure increases. At high p
suresImmmGaP (v50.5! is favored.35 We emphasize tha
the Imm2-like phases in our calculations are very stable
,
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the sense that their enthalpies are considerably below th
of the other phases at some pressures. Further experim
work is required at the more elevated pressures at wh
Imm2phases are predicted to be stable.

We have also considered the issue of the stability o
sc16 phase in these compounds. Our calculations indi
that sc16 is not thermodynamically stable in either InP
InAs, but we do find a range of thermodynamical stability f
sc16 GaP, as we found previously for sc16 GaAs.6 Although
it may well be possible that a direct zb→sc16 transition does
not occur, it is nevertheless interesting that there is a p
dicted range of thermodynamical stability for both sc16 G
and sc16 GaAs.

A different systematics of the high-pressure phase d
grams of III-V compounds is now under construction. Th
area of high-pressure research is producing different and
citing results that are fostering a stimulating interplay b
tween theory and experiment.
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