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The BCS structure (body-centered cubic with eight atoms per cell) is a known pressure-induced
modification of both silicon and germanium. However, its diatomic analogue [the SC16 structure (a
simple cubic lattice with a basis of 16 atoms)] has never been found in compound semiconductors. We
find from total-energy pseudopotential calculations that the SC16 structure is a stable high-pressure
polymorph of the III-V semiconductors GaAs, InAs, and AlSb. We report ab initio calculations
of the structural, electronic, and vibrational properties of SC16-GaAs. The wurtzite structure is
found to be unstable at all pressures for each compound considered. We consider possible transition
routes consistent with our high-pressure x-ray diKraction results and propose that the formation of
the SC16 structure in compounds is kinetically inhibited by the formation of wrong bonds at the
structural transition.

I. INTRODUCTION

In recent years there has been considerable renewed in-
terest in the high-pressure properties of semiconductors.
This has partly been due to advances in high-pressure
x-ray crystallography such as the development and im-
plementation of the image-plate (IP) area detector for
angle-dispersive powder difFraction. The enhanced sen-
sitivity afForded by IP technology has allowed the ob-
servation of very subtle pressure-induced efFects such as
the formation of defects at structural transitions and the
observation of short-lived metastable phases. These ob-
servations have recently been the subject of several ab
initio calculations which have served to place the inter-
pretation of the experimental data on a firm theoretical
foundation. 2

Despite these experimental and theoretical advances,
very little information is available regarding the nature
of the mechanism associated with these highly recon-
structive first-order transitions. From an experimental
point of view, the problem is a very diKcult one. These
pressure-induced structural transitions do not preserve
single crystals and therefore powder difFraction is the
only viable technique for detailed structural studies. Un-

fortunately, orientational information is lost in a pow-
der difFraction experiment and transition paths cannot
be determined unambiguously. Even sophisticated first-
principles molecular dynamics methods are not appropri-
ate for this problem because of the relatively long time
scales over which these transitions occur. Thus infor-
mation regarding transition routes must be obtained via
more indirect methods. For example, some insight into
the mechanism of structural phase transitions in tetrahe-

dral semiconductors has been provided by light scatter-
ing experiments which revealed that diamond and zinc-
blende semiconductors exhibit pressure-induced soften-
ing of the lowest acoustic (TA) zone boundary phonons4
suggestive of possible lattice instabilities.

Upon increase of pressure, both the group-IV elemen-
tal and III-V compound semiconductors display broadly
similar behavior in which the diamond or zinc-blende
phase transforms to a sixfold coordinated metallic struc-
ture having a crystal structure similar to that of either
P-Sn or NaCl. It is now well established that depressur-
ization of silicon and germanium &om their respective
metallic modifications results in dense metastable crys-
talline phases characterized by fourfold coordination but
with distortions &om ideal tetrahedral bonding. ' Previ-
ous results ' have suggested that, in carbon, distortion
of the tetrahedral bonding can be extremely unfavorable.
It has been suggested that this is connected with the or-
thogonalization of the closely bound 2p electrons as op-
posed to the 3p shell: this explanation would not apply
in any of the compounds studied here, so it is interesting
to see whether a difFerent mechanism accounts for their
apparent instability. These dense phases of group-IV el-
ements have recently been the subject of an extensive
first-principles investigation in which it was found that
the metastability of these phases could be understood on
the basis of total-energy considerations derived from den-
sity functional calculations. In this paper we consider
the related question of whether, by the same methods,
it is possible to explain why these structures are not ob-
served in the compound semiconductors.

The paper is organized as follows. Details of the
BCS and SC16 structures are presented in the next sec-
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tion. Then structural studies on recovered (depressur-
ized) phases of compound semiconductors are described
with a view to understanding the nature and complete-
ness of the reverse transition. We then describe the
techniques used in the ab initio total-energy and finite
temperature molecular dynamics calculations. Results of
these calculations (including total energy differences for
relaxed structures, electronic structure, and vibrational
properties) are then presented and finally possible transi-
tion paths between the sixfold coordinated metallic phase
and either BC8 or SC16 phases are considered.

II. STRUCTURAL DETAILS

Silicon adopts a body-centered-cubic structure (called
BC8) with eight atoms per primitive cell upon depres-
surization from the metallic P-Sn phase. Depressurized
germanium transforms from the P-Sn structure to a sim-
ple tetragonal structure called ST12, which contains 12
atoms per unit cell. The BC8 structure has also recently
been observed to exist for short periods in Ge if depres-
surization is sufBciently rapid.

The crystal structure of BC8-Si (Si-III) has been de-
scribed in detail elsewhere, '6 but we give some essen-
tial details below. At ambient pressure, the lattice con-
stant of BC8-Si is ap ——6.64 A. and the crystallographic
space group is Ia3 (T&). All the sites of the BC8 struc-
ture are equivalent. There is a single free positional pa-
rameter z, which has been determined by x-ray diKrac-
tion to be approximately 0.1003. The silicon BC8 struc-
ture is comprised of distorted tetrahedrally coordinated
ions arranged such that the density is approximately
10'%%uo greater than diamond. This increase in density is
achieved without large deviations &om ideal Si-Si bond
lengths, but with substantial angular distortions and con-
sequent reduction of symmetry.

Every atom in the BC8 structure of Si has associated
with it one A bond and three longer B bonds. The
lengths of these bonds at ambient pressure are R~ ——2.30
A. and R~ = 2.39 A, s respectively. A center of inversion
exists at the midpoint of the A bond. The normal bond
length of diamond structure silicon is 2.35 A. The single
nearest nonbonded neighbor is at a distance (Rs) of ap-
proximately 3.443 A away. This distance is significantly
shorter than the next-near-neighbor distance of 3.84 A. in
diamond structure silicon.

The metastability of BC8-Si with respect to diamond-
Si, can be qualitatively understood in terms of the topo-
logical difFerences between the two structures. In par-
ticular, a BC8 to diamond structural transition which
proceeds via shear distortion would require breaking and
subsequent rebonding of approximately one-quarter of all
tetrahedral bonds and would clearly involve a very high
energy barrier to transition. As pointed out by Biswas
et a/. , fewer broken bonds are required to transform
BC8 to the hexagonal diamond or lonsdaleite structure to
which BC8-Si transforms upon annealing. The possibility
of forming III-V compound analogues of the lonsdaleite
structure will be considered in a later section. Since the
BC8 structure is characterized by even-membered rings

R~ = ap&3(zi+ z2),

RB ap/2(zi + z2) —(zi + zz) + 0.25, (2)

Rs ——v 3ap(0.5 —2zi), v 3ap(0. 5 —2z2),

where the numerical sufBxes on the z's label atomic
species and are relevant only for the SC16 compound.
Surprisingly, the lengths of the covalent bonds in SC16
depend only on one parameter, the average of these two
x's, The distances to the nearest nonbonded neighbor

(Rs) are now species dependent, requiring the appropri-
ate z value to be used in Eq. (3).

If it were possible to form the SC16 structure in the
III-V compounds, an increase in either of the positional
parameters x; would give the piezoelectric strain corre-
sponding to the major axis of the polarizability tensor. In
addition, the SC16 structure with its distorted tetrahe-
dral units provides a tractable "complex crystal model"
of amorphous heteropolar semiconductors having short-
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FIG. 1. Projection of the diatomic equivalent of the BC8
structure (SC16 structure) with zi = zq ——0.1. A cubic unit
cell containing 16 atoms is shorn and the bonds of the central
tetrahedral unit are illustrated as black lines. No like-species
bonds are present. Elevations in fractional units of c/10 are
indicated by the numbers inside the circles. Different species
are denoted by different shading.

(the smallest of which is sixfold), it is possible to con-
struct a diatomic analogue of the BC8 structure in which
only unlike species are bonded. However, the eight atom
primitive unit cell which is appropriate for homopolar
solids cannot be constructed without introducing like-
species bonds for diatomic compounds. If the BC8 struc-
ture is considered as a simple cubic lattice with a basis of
16 atoms, then two types of atoms can be arranged with-
out like-species bonds. The resulting structure is called
SC16. A projection of the diatomic SC16 structure is
shown in Fig. 1.

The SC16 structure has lower symmetry (cubic, P2i3)
than BC8, in particular it is not centrosymmetric. The
effect of this is that the structure is described fully by two
internal parameters, which can most easily be regarded as
one x, for each species i. The atom neighbor separations
depend on the lattice constant and internal parameter
through the relations
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range disorder and zero like-species bonds. Studies of the
electronic structure and optical properties of GaAs in the
SC16 structure have been made using the empirical pseu-
dopotential method in an effort to simulate some of the
essential structural features of axnorphous GaAs. While
the BC8 structure has not been reported except in sili-

con and germaniuxn, it has been noted that it has some
similarity to the distorted tetrahedral structures known

to exist in antimonides of zinc and cadmium. '

The metastable phase forxned in germaniuxn by grad-
ual depressurization (ST12) is significantly more complex
than BC8. It has no obvious diatomic analogue because
its odd-membered rings would require bonding between
atoms of the same species. Estimates for the wrong-bond
energy in zinc-blende GaAs and InSb have been made by
consideration of inversion domain boundary defects. The
results of these calculations suggest that the wrong bond
energy is between 0.2 and 0.5 eV per wrong bond, ~4 sug-
gesting that ST12 compounds will be unlikely to form as
a result of its inherent defects. As a result, for the re-
mainder of the paper, we will consider only the prospect
of forming the SC16 structure and/or the diatomic equiv-
alent of lonsdaleite in compound semiconductors.

III. EXPERIMENTAL STUDIES
ON RECOVERED PHASES OF COMPOUND

SEMICONDUCTORS

A. Experimental method

We have investigated a range of III-V semiconductors
using the IP method with a view to exploring the
nature of the recovered phase formed by depressuriza-
tion from the metallic modi6cation. Powdered samples
were loaded into a diamond-anvil pressure cell (Mao and
Bell design) along with a methanol-ethanol (4:1) mix-
ture and a ruby pressure calibrant. The pressure was
increased in steps from ambient until the metallization
transition was reached and then decreased in steps back
to ainbient. X-ray diffraction measurements were per-
formed both on the upstroke and downstroke steps in
pressure. The measurements were performed on Station
9.1 of the Daresbury Laboratory Synchrotron Radiation
Source (SRS). The incident x-ray beam was collimated
to a size of approximately 75 pm. Further details of the
beamline optics and data acquisition methods have been
published elsewhere.

B. Experimental results

We have studied GaAs, GaSb, InSb, and InAs and find
that upon pressure release, all these compound semicon-
ductors transform back to the zinc-blende structure. A
typical pressure cycle for InAs is shown in Fig. 2. In this
6gure, IP diffraction patterns of InAs are shown prior
to the application of pressure, after the structural tran-
sition to the NaC1 con6guration, and again at ambient
pressure after recovery. Both the untransformed zinc-
blende and high-pressure NaCl structure diffraction pat-
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FIG. 2. High-sensitivity powder x-ray diffraction patterns
of InAs (a) prior to the pressure-induced transition to the
NaC1 structure, (b) after recovery at ambient pressure, and

(c) in the metallic NaC1 structure. The broadened powder
lines in (b) are indicative of a highly defected microstructure
although the peak positions are clearly identi6able as being
due to the zinc-blende phase. No unindexable lines are ob-
served. The weak features observable in (b) at roughly 15'
and 22' are identi6ed as remnants of the NaCl phase. Such
reversible transitions have also been found in GaAs, InSb,
and GaSb with the recovered phase being characterized by
extended defects in all cases.

terns are characterized by very sharp powder lines. Upon
depressurization, the diffraction pattern of the recovered
form is found to be characterized by extremely broad
powder diffraction peaks suggestive of a highly defected
microstructure. The structure of the recovered form is,
however, clearly identified as zinc blende. Despite the ex-
treme sensitivity of the IP detector, no other crystalline
phase of InAs was observable at any point during de-
pressurization from the metallic modi6cation. Similar IP
diffraction pattern sequences have been recorded for the
other III-V semiconductors mentioned above. Also, our
previous experimental and computational studies sug-
gest that the microstructure of recovered III-V compound
semiconductors is characterized (over length scales of sev-
eral tens of angstroms) by short-range order of the atomic
species over the lattice sites.

A study by Besson et al. has recently been performed
which focused in detail on the forward and reverse tran-
sitions between the zinc-blende and the high-pressure
phase (phase II) of GaAs. Comparison of the observed
diffraction line positions of recovered GaAs with those
of untransformed GaAs showed very close agreement.
Despite the reversibility of the pressure-induced transi-
tion in GaAs, a substantial degree of hysteresis was re-
vealed in extended x-ray-absorption fine-striicture mea-
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surements which showed that a 16 GPa pressure inter-
val existed between completion of the forward and re-
verse transitions. These authors also applied other tech-
niques in order to better determine the pressure range
in which the thermodynamic transition point of GaAs
must lie. The first evidence of transition on the upstroke
was recorded at 13.5 GPa by optical transmittancy mea-
surements and the first indication of retransformation to
fourfold coordinated material on the downstroke was ob-
served by Raman scattering at 10.5 GPa. Therefore the
difference in pressure between that at which the transi-
tion from fourfold to sixfold coordination is first observed
on the upstroke and that at which the reverse transition
is observed is 3.0 GPa. This pressure difference gives
some indication of the ease of transition between the two
phases where a relatively large value of the difference
suggests a relatively diKcult transition route.

We have performed high-sensitivity IP experiments on
silicon with a view to determining the pressure at which
the metallic phase first begins to transform to BC8. This
will allow an estimate to be made of the fourfold-sixfold
pressure hysteresis and therefore an estimate of the rel-
ative ease of transition between the two phases to be
deduced.

The silicon sample of the present study was initially
pressurized to 12.4 GPa. The pressure relaxed to 11.2
GPa as the transition to the metallic phase proceeded.
The diffraction pattern collected at a pressure of 11.2
GPa is shown in Fig. 3(a). Upon gradual pressure re-
duction to 10.6 GPa, a small amount of the BC8 phase
was observable. The IP diffraction pattern recorded at
this pressure is shown in Fig. 3(b). At this pressure,
it was found that a small distortion of the BC8 (Si-III)
structure away from cubic symmetry occurs and that this
distortion gradually diminishes as pressure is further re-
duced. We refer to this structure as d-BC8. The differ-
ence in pressure between sixfold formation upon pressure
increase and BC8 formation upon downloading is there-
fore between 0.6 and 1.8 GPa for silicon. It should be em-

phasized that this value is greater than that which would
be obtained from short-range probes as it has been de-
termined entirely from diffraction measurements. This is
because long-range crystalline order of each phase must
be established in the sample before it can be detected ex-
perimentally by diffraction-based techniques. Thus the
relatively small value for the pressure difference is in
marked contrast to that found for GaAs. This suggests
that a relatively easy transition route from the sixfold co-
ordinated metallic phase to BC8 exists in silicon but that
GaAs follows a more difficult route back to zinc-blende
without transiting the SC16 structure.

It therefore appears that, while pressure-induced struc-
tural transitions in group-IV semiconductors are irre-
versible, they are reversible (with hysteresis) in the com-
pound III-V semiconductors and under no circumstances
have the diatomic equivalents of the BC8 structures been
observed. A general summary of the existing experimen-
tal results on pressure-induced polymorphism in group-
IV and III-V semiconductors is illustrated by the sketch
shown in Fig. 4. To our knowledge, InP is the only
III-V compound which experiment has revealed may ex-
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FIG. 4. Schematic diagram summarizing the existing ex-

perimental results on pressure-induced structural transitions

in group-IV and III-V semiconductors. Up and down arrows

represent pressure increase and decrease, respectively. All re-

sults are for room temperature measurements except for the
high-temperature BC8 to lonsdaleite transition represented

by a dotted arrow in the figure.

FIG. 3. (s) X-rsy powder diffractio pattern of silicon at
11.2 GPa. Data have been collected using an IP area detector.
The sample hss partially transformed to the P-Sn structure
at this pressure and the diamond component is used as the
pressure cslibrsnt. d(hkl) snd b(hkl) denote peaks from the
diamond snd P-Sn structures, respectively. (b) Image plate
x-ray powder diKraction pattern of the same silicon sample at
10.6 GPa after depressurization &om 11.2 GPa. Three phases
of silicon sre present: d(hkl) denotes peaks from the diamond

structure, b(hkl) denotes those from the P-Sn phase, snd BC8
denote those of the d —BC8 phase (see the text). The W(hkl)
snd W/3(hkl) identify tungsten gasket lines due to diffraction

from the principal monochromatic synchrotron beam and its
third harmonic.
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hibit an irreversible pressure-induced structural transi-
tion. Menoni and Spain have performed angle dispersive
powder diBraction using a position-sensitive detector
and have reported that InP-II (NaC1 structure and metal-
lic) transformed, upon depressurization, to a structure
which was distinct &om zinc blende. However, no fur-

ther interpretation of the diKraction pattern was given.
Recent IP experiments at SRS have failed to reproduce
these 6ndings.

-117.8

IV. COMPUTATIONAL METHOD
GaAs

%e apply the density functional theory with pseu-
dopotentials and the local density approximation to ex-
change and correlation. 2s 22 Nonlocal ionic pseudopoten-
tials generated by the Kerker method are used to rep-
resent the electron-ion interaction. Kleinman-Bylander
separation of the nonlocal parts is also used. 24 Ionic
positions are relaxed under the inHuence of Hellmann-
Feynman forces until the calculated forces are below 0.04
eV/A Acut. off energy of 250 eV for the plane wave basis
set is used and is sufEcient to converge energy differences.
We use two computer codes (CASTEP and CETEP), which
we have developed for implementation of total-energy cal-
culations on large systems. An iterative strategy using
the conjugate gradients optimization method is used to
relax the electronic configuration to its ground state for
given ionic positions. Further details of these codes are
given elsewhere. 25

We consider the semiconductors GaAs, InAs, and AlSb
in the SC16 structure as these exhibit a wide variation
in ionicity and bond length. The initial configuration for
each of the compounds is based on that of BC8-silicon
for which both &ee positional parameters zq and x2 are
set to 0.1003 in accordance with x-ray powder diEraction
results. This value was optimized at each volume con-
sidered. Identical sets of four equally weighted special
k points in the Brillouin zone at which to sample the
energy bands were chosen for each structure. We found
that increasing the k-point set to the 6x6x6 special k-
point set gave no appreciable energy change for any of
the three compounds considered here.

V. THEORETICAL RESULTS
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The results of total-energy calculations on GaAs, InAs,
and A1Sb are shown in Figs. 5(a)—5(c). For GaAs, the
optimum value for the lattice constant was found to be
6.750 A. with the value of the positional parameters 2:q
and x2 being xq ——0.0947 and x2 ——0.1034, respectively.
The two Ga-As bond lengths in the BC8 structure are
2.4325 A and 2.3510 A, which are, respectively, 0.6%
and 3.9%% shorter than the zinc-blende bond length of
2.4481 A. . For InAs, the optimal values for the positional
parameters are xq ——0.0988 and x2 ——0.1037.

The calculated volume dependence of the bend lengths

Atomic Volume (A /atom)

FIG. 5. The total energy of (a) GaAs, (b) InAs, and (c)
A1Sb, in the zinc-blende and SC16 structures. The energy
difFerences, bE, between the SC16 and zinc-blende structures
are 0.0275, 0.0293, and 0.022 eV/atom, for GaAs, InAs, and
A1Sb, respectively. Further structural details and transition
pressures for the zinc blende to SC16 transition are shown
in Table I. In (a)—(c), the zinc-blende phase is denoted by
circles and the SC16 phase by squares. A polynomial fit to
the data points is also shown. The energy vs volume under
hydrostatic conditions for the wurtzite structure is shown by
the solid curve.
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is shown in Fig. 6 for GaAs and InAs. The calculated
response for BC8-Si is also shown for comparison. It is
found that the response to compression in BC8-Si and
SC16 compounds is similar. As was found for BC8-Si, a
crossover point exists at extreme compressions at which
the A bond of the SC16 structure becomes longer than
the B bonds for each of the compounds.

The total-energy differences between the BC8 and zinc-
blende structure for these three materials are 0.0275
eV/atom for GaAs, 0.0293 eV/atom for InAs, and 0.0228
eV/atom for A1Sb. These energy difFerences are much
less than the 0.11 eV/atom di6'erence (between the di-
amond and BC8 structures) reported for silicon. This
reduction in the energy difference may be due to the fact
that the partially ionic character of the III-V compounds
favors the denser SC16 structure, while the fourfold co-
ordination can simultaneously accomodate covalency.

Empirical pseudopotential and tight-binding calcula-
tions by Cohen and Joannopoulos have revealed a clear
energy gap in the electronic density of states of SC16-
GaAs of the same magnitude as that found in the zinc
blende and wurtzite structures. Furthermore, these au-
thors have suggested that like-species bonds must be
present in amorphous heteropolar semiconductors in or-
der to account for the observed reduction in energy gap.
The electronic band structure of BC8-Si has been inves-
tigated by Biswas et al. It was reported that the va-
lence and conduction bands are in contact at the Bril-
louin zone H point and that band overlap occurs be-
tween the valence band at H and the conduction band
at the F point, suggesting that BC8-Si is semimetallic.
In the present calculations, we have made the assump-
tion that the SC16 compounds are semiconducting and
have subsequently investigated the possibility that such
structures might be semimetallic. Biswas et at. have also
estimated that the error (in total energy) incurred in ne-

glecting possible semimetallic properties of BC8 silicon
is less than 0.005 eV/atom and we consider our errors to
be of a similar order of magnitude. In any case, inclu-
sion of any refinements to the present calculations aris-
ing from semimetallic electronic structures would serve
to reduce even further the energy differences between the
SC16 and zinc-blende structures which we report above.
Thus, consideration of energy differences between struc-
tures is not suKcient to account for the fact that SC16
structures have not been observed in high-pressure ex-
periments. Next, we consider the calculated transition
pressures.

For all compounds considered in this work, the calcu-
lated pressure at which the zinc-blende phase undergoes
a pressure-induced structural transition to the SC16 con-
figuration (Pt s

) is significantly lower than the cor-
responding transition pressure associated with the semi-
conducting zinc blende to sixfold coordinated metal tran-
sition P, ~' . For example, GaAs is predicted in these
calculations to transform from zinc blende to SC-16 at
the modest pressure of 2.0 GPa whereas the earliest ex-
perimental indications of a structural transition are not
observed until 16.4 GPa with the transition being to the
sixfold coordinated GaAs-II structure. As stated pre-
viously, the reverse transition (back to zinc blende) was
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FIG. 6. Calculated variation of bond. lengths with unit
cell volume in the SC16 structures of (a) GaAs aud (b) InAs.
The behavior of silicon is shown for comparison in (c).
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found not to be complete until 5.5 GPa.
On the basis of our total-energy calculations, we there-

fore conclude that the SC16 structure is a stable high-
pressure modi6cation of III-V semiconductors. More-
over, the results suggest that the 6rst pressure-induced
transition in the III-V compounds will be to the SC16
structure rather than to sixfold coordinated P-Sn or dis-

tortions thereof. In all three of these compounds we find
that the SC 16 structure is approximately 10%% denser
than the zinc-blende structure. The results of these cal-
culations are summarized in Table I.

It must be emphasized that our calculations yield only
total-energy differences between structures at zero tem-
perature and take no account of mechanical or kinetic
factors associated with phase transitions. It is clear, how-

ever, that such factors must play an important role. In
particular, structural transitions between topologically
distinct covalent semiconductors (having highly direc-
tional covalent bonding) are likely to involve greater ki-
netic barriers than will transitions to metallic structures
having far less directionality.

B. Electronic structure of SC16-GaAs

In Fig. 7 is shown the calculated electronic energy
band structure. The density of occupied states exhibits
a close resemblance to that reported &om previous em-
pirical pseudopotential calculations. However, as is ev-
ident from inspection of the band structure, the valence
and conduction bands touch at the I' point of the Bril-
louin zone. In view of the well-known inadequacies of
density functional theory in determining electronic ex-
citation energies in solids, we are not in a position to
investigate this issue further in the present paper. Par-
tial reduction of the calculated energy gap may be due to
the fact the two bond lengths in the fully relaxed struc-
ture of SC16-GaAs are both smaller than the ideal value.
This situation would have the effect of broadening the
p-like region (—4.0—0 eV) of the density of states. ~2
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FIG. 7. Electronic energy band structure for the SC16
structure of GaAs. These density functional calculations pre-
dict that the valence and conduction bands are in contact at
the F point of the Brillouin zone.

C. Valence charge density of III-V compounds
in the SC16 structure

If the ionicity of the Ga-As bond were signi6cantly
higher in the SC16 structure than in the zinc-blende
structure it could be argued that wrong-bond defects
(which are likely to be present in the high-pressure and
recovered phase2) would be more unfavorable in the SC16
structure than in either the zinc-blende or P-Sn phases.
As discussed more fully in a later section, SC16 formation
could conceivably be kinetically precluded if the wrong-
bond energy were sufBciently high.

To explore this possibility, we have investigated the
ionic character of the Ga-As bond in the zinc-blende and
SC16 structures using the prescription given recently by
Garcia and Cohen. Their method allows an ionicity
scale to be constructed &om 6rst principles using the
overall asymmetry of the charge density as the funda-
mental quantity. According to this scheme, the charge
density p(r) is decomposed into symmetric and antisym-

TABLE I. Results of total energy pseudopotential calculations on several compound semiconductors in the SC16 structure
(diatomic equivalent of BC8). Values for P~

" ' are taken from experimental results and represent upstroke measurements.
Substantial hysteresis is known to exist, and downstroke measurements on GaAs reveal that the reverse transition to the
zinc-blende structure is not complete until 5.5 GPa. The structural information given below is obtained from Bts to the energy
vs volume curves using the Murnaghan equation of state; units of energy are eV/atom, those of volume are A /atom, and the
units of pressure are GPa.

Compound

GaAs
InAs
Alsb

Si

gESC16 ZB

0.0275
0.0293
0.0228
0.1100

20.727
22.501
25.439
17.480

0.0947
0.0988
0.1002
0.1001

0.1034
0.1037
0.1059
0.1001

gZB SC16
t

2.0
1.7
1.4
11.0

~ZB metal

13.5
70
8.6'
10.3

Reference 16.
Reference 40.

'Reference 41.
Reference 10.
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metric parts. The origin of the coordinates is defined
so that atoms of difFerent species are interchanged upon
inversion. The origin is therefore placed at the halfway
point along the A bond. Implementation of the method
involves the Fourier decomposition of the symmetric and
antisymmetric parts of the charge density. One can de-
rive a measure of the strength g of the symmetric and
antisymmetric parts of p over the entire volume of the
unit cell. %e have applied this method to GaAs and find
that the value of g for GaAs in the zinc-blende phase
is 0.3014, which agrees well with the value of 0.316 re-
ported by Garcia and Cohen. The value for g in the
SC16 structure is found to be 0.3090. This near equality
of the calculated ionicities suggests that wrong-bond en-
ergies will be similar; however, the efFect of atomic size
should also be considered. This will be greater in the
denser SC16 structure.

D. III-V compounds in the vrurtlite structure
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o+ 21.5-
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Under heat treatment, BC8 silicon transforms to the
lonsdaleite structure. To examine whether the nonob-
servation of SC16 is due to immediate decomposition via
wurtzite (the compound analogue of lonsdaleite), we have
carried out calculations on the wurtzite phase of GaAs,
InAs, and AlSb.

The wurtzite phase is characterized by two lattice pa-
rameters c and a and an internal parameter u. To compile
a curve of energy against volume it is necessary to mini-
mize the enthalpy at a range of pressures. An equivalent
procedure is to minimize the energy as a function of c,
a, and u. Due to the Pulay stresses arising when the
basis set is changed, it is desirable to keep the unit cell
unchanged during a relaxation of the electrons and the
internal parameter. Consequently, we have followed the
second scheme for constructing the E vs V curve.

For each material, we have calculated the energy at
an optimized value of u for a series of c and a param-
eters around the minimum. Interpolation of this data
has been used to produce the contour map (Fig. 8) of
energy against volume and the c/a ratio. From these
maps a hydrostatic line is constructed, being the c/a ra-
tio which gives the minimum energy at a given volume.
The energy-volume curves shown in Figs. 5(a)—5(c) are
then projection of this line along the energy surface onto
the volume axis.

For exact calculation of the c/a ratios, we concentrated
on the region close to the minimum at the optimum vol-

ume. We found that the energy differences here were
very small and the data were sensitive to the discrete-
ness of the number of plane waves in the basis set, since
the basis set is not complete and a finite k point set was
used. The problem is due to the fact that as the unit
cell volume changes, so do the number of basis states.
This can be compensated for using the scheme of Francis
and Payne, which gives rise to smooth curves of energy
against c/a from which c/a can be found.

The principle of the method is to derive a relation-
ship between the calculated total energy
Et~t [c,K (c, E „)] and the required energy

FIG. 8. A contour plot of corrected total energy as a func-
tion of atomic volume and the axial ratio (c/a) for wurtzite
GaAs. From plots of this type, the energy vs volume relation
under hydrostatic conditions can be constructed by project-
ing the line tracing the minimum energy at a given volume
onto the volume axis. Such projections are shown in Figs.
5(a)—5(c).

TABLE II. Minimum energy differences between the
zinc-blende and wurtzite structures of GaAs, InAs, and A1Sb
in ev/atom. Also shown are the values for the optimal axial
ratio and atomic volume. The wurtzite phase of the III-V
compounds is found to be unstable at all pressures.

Compound

GaAs
InAs
AlSb

gEzB wurts

0.084
0.078
0.073

c/a ratio

1.614
1.60S
1.607

21.0
25.0
28.3

Et t(c, E „)at some lattice parameter c, where Npw

is the number of plane waves in the basis and is itself a
function of c and cutoK energy E „.Francis and Payne
consider di8'erentials of the total energy and derive the
following relationship:

E...(c, E „)= E...[c, wpw(c, E „)]
2Emsx ciEtot(c) Emsx)

3 M
gPW g ()

gc

where g is the continuum limit expression for the density
of plane wave states as a function of E „.Only at com-
plete plane wave convergence of the total energy will the
derivative with respect to E „vanish. Away from this
regime, the data must be "smoothed" by this correction
if energy difFerences are small enough to be sensitive to
the discrete changes in basis set.

An example of this smoothing (For AlSb) is shown in

Fig. 9. Table II shows that in each case the equilib-
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FIG. 9. The calculated total energy as a function of the
c/a ratio for wurtzite A1Sb (solid circles). These data have
not been corrected for the Huctuations in the number of plane
waves included in the basis set. The solid curve shows data
which have been corrected according to the scheme proposed
by Francis and Payne (Ref. 28).

rium volume was found to be slightly larger than that
of zinc blende, with the binding energy being about 0.07
eV/atom higher. The wurtzite structures are therefore
not stable at any pressure. In all cases the c/a ratio is

slightly smaller than the "ideal" value of /8/3, as they
are in stable wurtzite systems. This devalues the use-
fulness of the empirical rule that stable wurtzites have
subideal c/a ratios. zs A summary of the results of our
calculations on wurtzite structures is shown in Table II.
In previous pseudopotential studies on stable wurtzites
both subideal [in A1N (Ref. 29)] and supraideal [in GaN
(Ref. 30)] c/a ratios have been found.

E. Ab initio molecular dynamics studies
and mechanical stability of SC16 GaAs

We have not yet explored mechanical stability which a
true stable or metastable phase must possess. For a struc-
ture to be mechanically stable, positive restoring forces
must oppose any small displacement of an atom about
its equilibrium position. An equivalent statement is that
phonon frequencies must be greater than zero (apart from
I'-paint acoustic modes) throughout the Brillauin zone
and for all polarizations.

Ideally, one should investigate all possible vibrational
modes in order to fully explore the criterion for mechan-
ical stability. To achieve this in an ab initio calculation,
one would need to either apply the density functional
xnolecular dynaxnics xnethod to very large supercells or
to implement a linear response schexne. As a result of
the large unit cell of SC16, we will investigate only the
stability of the zone center phonon modes in the present
paper.

We apply the first-principles molecular dynamics
method of Car and Parrinello which allows for fixed

temperature molecular dynamics in which forces acting
on ions are calculated entirely from density functional
theory. Periodic boundary conditions are used. A molec-
ular dynamics step consists of relaxing the electrons to
their ground state and then allowing the ions to move by
integrating the equations of motion with a time step of
0.5 fs. The electronic wave functions have to be well con-
verged between each step to ensure that the Hellmann-
Feynman forces are correct —the error on the Hellmann-
Feynman forces occurring &om wave functions that are
not fully converged are of first order in the wave func-
tions. Therefore between each molecular dynamics step,
the total energy was converged to better than 10 eV
per ionic degree of freedom. This ensures that the sys-
tem was kept close to the Born-Oppenheimer surface at
all times.

The initial configuration was that of the fully relaxed
structure where each atom is given a randoxn velocity
corresponding to an initial temperature of 300 K. The
temperature was maintained close to this by use of a Nose
thermostat. This "thermostat" introduces a coupling
of the system to an external heat reservoir which has the
effect of maintaining the average temperature of the ions
at some fixed value. The unit cell dimensions were kept
constant; therefore thermal expansion is not incorporated
into the sixnulation, although such effects are expected to
be small.

The mechanical stability of the structure can be exam-
ined by extracting the vibrational modes. In this case a
single unit cell of the SC16 structure is considered; there-
fore, the allowed phonons are the nonzero I'-point xnodes.
These can be calculated &om the velocity autocorrelation
function

where v(t) is the ionic velocity and the angular brackets
denote the ensemble average. This is shown in Fig. 10(a).
It can be seen that A(t) oscillates about zero indicating
that the (I'-point) vibrations are stable.

The spectral density (phonon density of states at the
I' point) was then obtained by Fourier transforming the
velocity autocorrelation function. The result is shown in
Fig. 10(b).

The effect of disorder on the vibrational spectrum of
III-V sexniconductors is expected to be similar to its ef-
fect on the electronic spectrum. That is, to a first ap-
proxixnation, disorder introduces broadening relative to
the crystalline density of states. In our calculation of the
I'-point density of states, we find that the positions of
the prominent features (at approximately 2 and 8 THz)
correspond to the positions of the TA and TO phonon
branches of the zinc-blende phase. 34

This application of first-principles molecular dynam-
ics to compound semiconductors in complex crystalline
phases appears to be a promising method of investigat-
ing the effects of disorder on certain aspects of vibrational
spectra. In this respect it would be particularly interest-
ing to study coxnpound versions of the ST12 structure
in order to probe the effects of like-species bonding on
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FIG. 10. Velocity autocorrelation function for ~a~ SC16
GaAs as determined from density functional molecular dy-
namics and (b) its spectral density corresponding to the
nonzero frequency I'-point phonon modes.

This topological argument does not tell us anything
about the atomic motion in the transition. We can, ow-
ever attempt to relate the initial and final unit cells. n

~ ~Fig. 11(a) we consider a cell contammg four conven-
tional Emma unit cells. The Imma structure used has
c/a = 0.538 6/ = 0.950, a unit cell volume of 12.9)

.193.(A /atom), and the free positional parameter is 0.19 .
Concerted motion of chains involving half the atoms, to-
gether with shears of the lattice parameters, transforms
the atoms in such a way that the fivefold BC8 structure is
recovered with the minimum bond breaking as suggested
b the topological graph transformation.

As this mechanism can be visualized as a coordinated
motion of a chain of atoms, we refer to it as a "chain"
mechanism, although it must be stressed that it is not a
simple replacement sequence. In cocontrast we refer to the
zinc en ebl d -+ P-Sn transition observed in compounds
as a "dislocation" mechanism, on the assumption a
the inversion domain boundaries are ormed b motion
of partial superdislocations.

It is clear from Fig. 11(b) that if we start with the or-
d d compound analogue of Emma, som e of the bondsere

s of thedefined in the eightfold graph are between atoms of e
same species. These bonds persist throughout the trans-
formation and are still present in the final BC8 structure
see Figs. 12 and 13). Thus this mechanism would not

(a)
=o

o

the vibrational properties. This will be the subject of a
future paper.

The vibrational density of states obtained for SC16
GaAs in this way is similar to that of BC8 silicon. 3

Thus the nonexistence of SC16 cannot bebe attributed to
entropic effects.

"J ~

CI

I& +»IQs
I

I &I- »Il

(b)

03

Q7

F. Geometric considerations of transition kinetics

We have attempted to deduce a plausible transforma-
tion mechanism or e meh f th metallic to BC8 transformation
in silicon and attempted to determine whether this wi

started with the Imma structure for silicon reporte
recently by Nelmes et al. This is a distortion of the P-
Sn structure an is e md

' th onatomic analogue of the high-
pressure mm p ase ouI 2 h f nd in several III-V compounds.
Prom this structure we have determined the eight near-
est neighbors and constructed an eightfold coordinated
ra h. For the BC8 structure, we have constructeu a sim-

ilar graph where the connectivity is define y e ve
nearest neig ors. singhb U a computer, we have scarc e
all the possible mappings of atoms from one graph to the
other to find the one which preserves the largest num-
ber of bonds. We have found a unique solution for which
four out of five BC8 bonds are retained from the eightfold
Imrna configuration.

FIG. 11. (a) Projection diagram of an Imman Imma unit cell,
from the data for silicon of Ref. 10. This cell is four times

in the orientationthe size of the conventional one (16 atoms, in e or'

C8 cell shownfrom which it can transform to the standar ce s
in Fi . 12. The arrows depict the atomic motions required

dicular to the plane. Concordant with these atomic motions,
the cell parameters transform to e cu ic.
this cell comes out of the paper at an a gan an le of 87 to the
a —b axis an ad t 90' to the c axis. Fractional elevations (in

ei hths~ are shown as numbers insi e e
ered Imm2 com-ings indicate the atomic species in the or ered

pound equivalent struc ure.p t . &b) illustrates the eight nearest
hbor connections in the Imma struc ture which were usedneig or c

in the computer search of mappings onto the B grapC8 ra h see
the text an ig.d F 12~~The atom at elevation level 5 is c osen
arbitrarily.
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FIG. 12. The BC8 structure graph used in the computer
search, showing the five nearest neighbors of two of the atoms.
The elevations are the same as those shown in Fig. 11.

normally sessile dislocations through the crystal, creating
like-species bonds and leaving inversion domain bound-
aries, twins, etc. in their wake.

All routes between P-Sn and SC16 that do not result
in like-species bonds in the final SC16 phase require very
extensive bond breaking and intermediate wrong bonds.
This would probably involve high energy barriers. It
therefore appears that the III-V compounds do not form
SC16 due to the easy transition path available for Si be-
ing precluded by the formation of at least one like-species
bond per atom.

VI. CONCLUSIONS

correctly transform the compounds to the SC16 structure
with P2q3 symmetry. Moreover, the chain mechanism in
silicon could be enhanced by vacancy migration along the
chain, such that the atoms need move singly rather than
in concert. This would not be possible in the compound
analogues due to the diR'erent charge states of the vacan-
cies. For these reasons we believe that while the chain
mechanism may provide an easy transformation path in
silicon, it is considerably more difBcult in the compounds.

The dislocation mechanism would also be easier in the
elements than in the compounds, though here the stress
concentration in the dislocation core is great enough to
form like-species bonds. Thus the kinetic barriers E to
the various transformation mechanisms can be ordered
as follows:

Eelements + @elements + @compounds + @compounds
chain dislocation dislocation chain

There is no direct evidence for any of these mecha-
nisms; however, indirect evidence can be gleaned from
the microstructure of the postrecovered phases. In silicon
the negligible strain and fast kinetics of the transforma-
tion to BC8 is consistent with a fast diÃusional transition
such as the chain mechanism. By contrast, the highly de-
formed microstructure observed in InSb suggests a more
tortuous path, with large strains required to force the

5i Os 04

04 Os

FIG. 13. The final BC8 structure with the fourfold bonds
drawn in for two of the atoms. The square is the unit cell,
the numbers being height in multiples of yp of the unit cell.
Shading indicates the species type that would result if a di-
atomic phase transformed by the atomic movements shown in
Fig. 11. Note the difFerence between this figure and Fig. 1.

We have shown that th0 results of ab initio pseudopo-
tential calculations on the SC16 structure are at variance
with experimental observations. Since these calculations
are normally reliable and the predicted region of stabil-
ity is large compared with possible sources of error in the
calculation, this contradiction merits further attention.

The calculated transition pressures are around 1.5
Gpa, almost an order of magnitude less than the pressure
at which the zinc blende -+ P-Sn transition is observed.
This suggests that the SC16 phase is thermodynamically
stable over a large range of pressures for all the III-V
compounds considered here. This is in contrast to sil-
icon, where, although the BC8 phase has been synthe-
sized, pseudopotential calculations show that it is only
metastable. It is similar to that of germanium where the
intermediate phase is ST12.

The dichotomy of the existence of metastable BC8 and
the nonexistence of stable SC16 can be resolved by con-
sidering the transformation kinetics. It is already known
that the diamond~BC8 transition does not occur di-
rectly in Si or Ge within a reasonable timespan. Fur-
thermore, the retransition BC8~diamond has not been
observed: even at elevated temperatures BC8 silicon only
transforms to the lonsdaleite (hexagonal diamond) struc-
ture. The wurtzite phase of III-V compounds has higher
energy than SC16. While an analogy with silicon sug-
gests that it may be easier for SC16 to decompose into
wurtzite than directly to zinc blende, we find that this
transition is thermodynamically impossible.

For the SC16 structures, it is likely that the transfor-
mation kinetics will be even slower than in monatomic
BC8. The zinc-blende semiconductors have very slow dif-
fusion and, unlike silicon, remain brittle up to the melt-
ing point. This is due to the partly ionic nature of the
bonding which makes bonds between atoms of the same
species unfavorable, an e8'ect which is absent in diamond.

We have proposed a model for the P-Sn ~ BC8 tran-
sition based on topological considerations of bond break-
ing. The picture of silicon as covalently bonded in these
phases receives support from inspection of the valence
charge densities ' and from the success of empirically
based covalent models in describing these phases.
The transition path that involves fewest broken bonds
in BCS does not correctly transform diatomic Imma to
SC16—wrong bonds are created.

The proposed Imma to diamond pathway proceeds by
dislocation motion in which the local stresses associated
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with the dislocation are sufEciently strong to create a few

wrong bonds in the compound analogue. The Imma to
BC8 transition proceeds by coordinated motion of atoms.
In silicon this process could be enhanced by vacancy mi-

gration. This does not introduce large local strains and
is therefore blocked. by the requirement of forming many
wrong bonds in the compounds. Although both of these
routes are speculative, they are consistent with the diKer-

ing observed microstructures of the postrecovered phases.
Thus we conclude that the transformation between

BCS and SC16 and diamond and zinc blende will be
slower in the compounds than in the elements. Since
the transition has not been observed in either direction
in any element, it is not surprising that we have not found
it in the compounds. In contrast, the P-Sn m BC8 tran-
sition is relatively easy in the elements (compared with
P-Sn -+ diamond). We have presented one possible route
for this transition which requires few broken bonds and
should therefore have a small kinetic barrier. However,
this route does not transform the compounds correctly
into SC16, so the possibility of creating SC16 due to fa-

vorable kinetics on depressurization is lost. Since SC16
is a thermodynomically stable phase, our results suggest
that it would be formed by slow cooling &om a melt at
intermediate pressure. It is possible that it could also be
formed by heating the metallic phase of the compound
at pressures slightly above that of the diamond transi-
tion, but we are unable to estimate the kinetics of this

transition. Once formed, the large kinetic barriers would
ensure that SC16 would be very long lived at ambient
pressure.

Note added in proof. Since the writing of this pa-

per, we have been made aware of the results of very
recent high-pressure powder neutron di8raction experi-
ments performed by S. Hull and D. Keen [Phys. Rev.
B (to be published)]. These authors have identified the
SC16 structure as a stable high-pressure modification of
the I-VII semiconductors CuCl and CuBr. In view of
this 6nding, it now appears that the relative energetics
of structure adoption in group-IV, III-V, and I-VII semi-
conductors may be much more similar than they once
appeared to be. Calculations of structural stability in
copper halides are now underway. We are grateful to S.
Hull and D. Keen for making their results available to us
prior to publication.
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