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The valence-electron contribution to the total energy of simple-cubic and rhombohedral arsenic
has been calculated with use of local-density-functional theory and a scalar-relativistic version of the
linear augmented-plane-wave method. The results at normal pressure show that the observed rhom-
bohedral (A 7) structure is favored energetically over the cubic phase by about 0.07 eV/atom. The
calculated values for the lattice parameter (a =4.084 A), rhombohedral angle (a=55.9'), and inter-
nal displacement parameter (u =0.2294) are in excellent agreement (-0.3%%uo, 2%, and 0.8%,
respectively) with experiment. The cubic-rhombohedral energy difference, which is due to a
Peierls-type mechanism at normal volume, is found to decrease at reduced volumes, leading to a
stable high-pressure ( -190kbar) cubic phase for V/Vo & 0.8.

I. INTRODUCTION

A notable property of the group-VA elements and the
isoelectronic IV-VI binary compounds is their tendency to
crystallize in low-symmetry rhombohedral and
orthorhombic structures that are distorted variations of
the cubic rocksalt structure. ' A feature that is shared by
each of these distorted structures is the presence of double
layers of atoms in which each site has three nearest neigh-
bors along nearly orthogonal directions. These structural
regularities among the materials with an average valence
of five are in marked contrast to the well-known
tetrahedral coordination of the group-IVA elements.

Cohen„Falicor, and Golin' have advanced simple
chemical arguments to explain these differences. In the
tetravelent materials, the s p configuration of the atom
evolves to an sp configuration in the solid, producing hy-
bridized orbitals that are appropriate for the formation of
covalent bonds in tetrahedrally coordinated structures.
The increase in the s-p energy separation between the
group-IVA and group-VA elements is sufficient to mini-
mize these hybridization effects, resulting in a p configu-
ration for the pentavalent materials. Unhybridized p or-
bits favor bond formation along three orthogonal direc-
tions which, in the simplest case, corresponds to the
simple-cubic structure. In the covalent limit, one expects
the simple-cubic structure to be unstable because of the
presence of unsaturated p bonds. The cubic-
rhombohedral distorti. on serves to remove this degeneracy
and provides a geometry in which the three nearest-
neighbor bonds are both nearly orthogonal and saturated.

The initial efforts to understand the energetics of these
noncubic distortions have focussed primarily on the
rhombohedral phase of As. They utilized a pseudopoten-
tial perturbation-expansion method in combination with
an empirical pseudopotential fitted to the As Fermi sur-
face. While the earliest second-order calculations yield-

ed quite reasonable results, the agreement between the cal-
culated and observed geometries was spoiled by the in-

clusion of third-order terms. Subsequent calculations in-

volving the use of a pseudopotential that was untruncated
at large wave vectors and a self-consistent approach
were more successful. However, the limited scope of these
later studies precluded a complete determination of the
equilibrium geometry for rhombohedral As.

Very recently, first principles pseudopotential total-
energy methods have been applied in a more comprehen-
sive study of this class of materials. The calculations by
Rabe and Joannopoulos have focussed on the two IV-VI
compounds SnTe and PbTe. More recently, Needs
et al 'have car. ried out a similar study of the structural
properties of simple-cubic and rhombohedral As.

In this paper, we present the results of an independent
study of the structural properties of cubic and rhom-
bohedral As involving the use of a recently developed ver-
sion of the linear augmented-plane-wave (LAP%)
method" and local-density-functional theory. ' The re-
sults of this study, which was completed before we
learned of the work of Needs, Martin, and Nielsen, ' pro-
vide a useful comparison of total-energy results in a low-

symmetry system where the structural-energy differences
are of the order of 0.1 eV/atom.

A complete determination of the rhombohedral a-
arsenic (or A 7) structure requires the evaluation of three
independent parameters, including the lattice constant a„
the rhombohedral angle a, and an internal displacement
parameter u. The nature of the A 7 structure is most easi-
ly understood in terms of successive distortions to the
simple-cubic structure. The basic distortion is a [111]dis-
placement corresponding to a zone-boundary R-point vi-
bration. This leads to an fcc-type unit cell containing two
atoms, similar to that of the rocksalt structure. The
R-point phonon can be seen as a dimerization of neigh-
boring (111) planes (internal displacement parameter
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M =0.25+60). This motion accompanies a shear distor-
tion that decreases the rhombohedral angle o; between the
primitive lattice vectors from their undistorted fcc value,
a =60'.

Unlike the pseudopotential approach, ' the LAP%
basis Functions are structure dependent so that the calcu-
lation of stresses and forces is nontrivial. Consequently,
we have adopted a more direct approach to the problem of
evaluating the three independent parameters (a, a, and u)
of the /I 7 structure. Namely, we have carried out initial
calculations in which only the volume (or lattice constant
a) was varied, with the rhombohedral angle and internal-
displacement parameter fixed at their observed values
(ao and uo, respectively}. Then, using this calculated
minimum-energy volume, subsequent calculations were
carried out for discrete values of b.a and hu and a "re-
laxed" value for the minimum energy was determined by
interpolation. The close agreement between the relaxed
and unrelaxed energies ( —1 g 10 hartree/atom) and the
calculated and observed" values of a (-2%) and u
(-0.8%}verifies the accuracy of this approach.

A comparison of the present LAPW valence-energy re-
sults for simple cubic and rhombohedral As with the pre-
vious results of Needs, Martin, and Nielson'0 reveals qual-
itative agreement. One discrepancy concerns the normal
pressure cubic-rhombohedral structural-energy difference,
which is 0.07 and 0.12 eV/atom according to the LAPW
and pseudopotential results, respectively. A second differ-
ence concerns the stability of the simple-cubic phase at re-
duced volumes. Contrary to the pseudopotential results,
the present LAPW calculations predict that the simple-
cubic structure is stable in regard to rhombohedral distor-
tions when V/Vo (0.8.

The details of the present LAPW calculations are sum-
marized in Sec. II, including an analysis of the A 7 crystal
structure. The principal results of our investigation are
presented in Sec. III. This discussion includes compar-
isons with previous calculations and experiment in regard
to structural as well as one-electron (energy-band, charge-
density, and density-of-states) properties. Section IV
presents the conclusions that have been derived from this
investigation.

II. DETAILS OF THE CALCULATION

A. A 7 crystal structure

The heavier members of the group-VA column of the
Periodic Table (As, Sb, and Bi) share the same a arsenic
or A 7 structure'3 with the space group D3& (83m). The
primitive unit cell, which is shown in Fig. 1(a), is generat-
ed by the rhombohedral lattice vectors, '

t& ——si+rk,

t2 —— (s/2)i+ ( v 3s/2}—j+rk,

t3 ———(s/2)i —(V 3s/2)j+rk .

It is conventional to denote the length of these vectors by
a and the angle between them by a, leading to the rela-
tions a =s +r and s =(2a/~3)sina/2. It is readily

FIG. 1. (a} Primitive unit cell for rhombohedral As. Nearest-
and second-neighbor bond directions are indicated by the filled
and outlined cylinders respectively. (b} Brillouin zone for the
primitive rhombohedral lattice (solid lines) compared with that
for a nonprimitive hexagonal cell (dashed lines).

shown that these rhombohedral lattice vectors are identi-
cal to those for the fcc structure when a=60' and
r/s =@2.

Each primitive cell of the A 7 structure contains two As
atoms. Although the origin is drawn at one of these sites
in Fig. 1(a) to illustrate clearly the near-neighbor coordi-
nation, it is conventional to choose the origin at the inver-
sion center that is located midway between the closest pair
of atoms along the vertical axis. In this case, the atom
positions are given by

r+ ——+u (t~+ tq+ t3) = +3urk . (2)

The point-group symmetry about each atomic site is C3,.
The nearest- and second-neighbor bondlengths, which

are indicated by the filled and outlined cylinders in Fig.
1(a), are determined by the relations

d~NN=[$ +r (1—6Q) ]

d2NN [s +r (2 6~) ]
(3)

b~ ——2n [2/(3s)i+ 1/(3r)k],

b2 ——2n [—1/(3s}i+V 3/(3s) j+1/(3r)k],

b3 ——2n [—1 /( 3s)i —~3/( 3s)j+ 1 /( 3r)k]

Using the observed' structural parameters for As, these
vectors produce the Brillouin zone whos- shape is illus-

These are equal for u =1/4. It can be shown that, aside
from a difference in orientation, an identical structure is
obtained for u =0.25+hu. Normally, values of u ~0.25
are reported.

Instead of considering a primitive rhombohedral cell, it
is common to treat a nonprimitive hexagonal cell with lat-
tice parameters as =V3s and cq —3r. This yields a cell
containing six atoms rvith a volume that is three times
larger than that of the primitive rhombohedral cell,
V= —,'3v 3s r.

The primitive reciprocal lattice vectors for the rhom-
bohedral structure also form a rhombohedral lattice and
are given by
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trated by the solid lines in Fig. 1(b). This primitive rhom-
bohedral zone has the same volume as the three nonprimi-
tive hexagonal zones that are indicated by the dashed
lines.

8. Structural energies

A detailed description of the methods that have been
applied in the present LAPW study of simple-cubic and
rhombohedral As has been published recently. " In the
present section, we highlight those aspects of the method
that are important in the present study as well as provide
values for various LAPW parameters and their cutoffs.

The present LAPW implementation is similar to the
pseudopotential method in that it incorporates a rigid-core
approximation. This allows the calculation of the
valence-electron contribution to the total energy rather
than the total energy itself. The core charge density and
potential are derived from an atomic calculation involving
an assumed 4s 4p valence-electron configuration. Both
the LAPW and atom calculations have been carried out
using a scalar-relativistic approximation so that all rela-
tivistic effects except spin-orbit coupling are included.
Exchange-correlation effects are introduced using the
Wigner interpolation formula. "

Various computational parameters have been fixed
throughout the calculations in order to provide
structural-energy differences that are better converged
than the absolute energies themselves. The muffin-tin ra-
dius has been set at the value R =2.167 a.u. , which corre-
sponds to about 45% of the nearest-neighbor distance for
the observed rhombohedral structural parameters. '3 The
LAP% basis-set size has been determined using a plane-
wave kinetic-energy cutoff of 4.5 hartree. This provides a
volume-dependent basis size that varies from 50—70
LAPW's per atom over the volume range (105—157.5
a.u./atom) of the present calculations. The corresponding
cutoff for the Fourier-series expansion of the charge den-
sity and potential in the interstitial region was set at SO

hartree (corresponding to about 2500 plane waves/atom).
The spherical-harmonic expansion of the LAPW wave

functions within the muffin-tin spheres included terms up
to I,„=S. The corresponding lattice-harmonic expan-
sion of the nonspherical contributions to the charge densi-
ty and potential within the spheres surrounding each
atomic site has included all terms through 1=6. In the
case of A 7 geometry where the site symmetry is Ci„, this
corresponds to a total of 12 terms in this expansion.

Special care has been taken in regard to the Brillouin-
zone sampling procedures. In all cases, the sampling was
carried out using a uniform mesh of points in the irredu-
cible wedge of the zone. ' The meshes were chosen so as
to provide the same number of points in the full Brillouin
zone for both the A7 and simple-cubic structures. (For
such considerations, it is appropriate to regard the
simple-cubic structure in terms of rocksalt lattice with
two atoms per cell and an fcc-type Brillouin zone. )

The simple-cubic and rhombohedral mesh points were
generated in such a way that a one-to-one relationship was
maintained between points in the full Brillouin zone.
Starting from an off-set uniformly distributed simple-

III. RESULTS AND DISCUSSION

The first-stage results of the present LAPW structural
calculations for bulk As are shown in Fig. 2. Here, the
valence-electron contribution to the total energy of As is

6A'78
j ( j ( j

1 j )
j

i
j

BULK As

-6A80—
SIMPLE
CUBIC

E
O
a -6.482—
4)
1

o -6.484-
LLI

EDRAL
64

5+o

j & j i j ( I

l20 ISO i%0 l50 160 l70
VOLUME PER ATQIM (a.u.)

FIG. 2. Calculated LAP% valence energy as a function of
volume for the simple-cubic and rhombohedral structures.

cubic mesh, the corresponding rhombohedrally distorted
mesh of k points was generated, taking into account the
[111]shear distortion as well as the reduced point-group
symmetry of the A 7 structure.

For each geometry, the self-consistent calculations were
carried out for four iterations using 256 k points in the
entire Brillouin zone. For the simple-cubic and A 7 calcu-
lations, these corresponded to 20 and 34 k points in the ir-
reducible wedge of the zone. After four iterations, the
average root-mean-squared deviation between the final in-

put and output potentials was consistently less than 10
hartree. The change in the calculated valence energy be-

tween the third and fourth iterations was less than 10
hartree/atom.

To avoid possible instabilities during the iterative self-
consistent process, populations have been smeared using a
Fermi function with a finite temperature, T =0.001 har-
tree. This increases the calculated energy by an amount
rr T N(E~)/6 over the zero-temperature limit, where

E(EF) is tlie density of states at the Fermi energy EF.
Using density-of-states results that are presented below,
these shifts are found to be comparable to the convergence
errors [—(1—2) X 10 hartree/atom] in the self-

consistency procedure.
At this point, a final iteration was carried out in which

the Brillouin-zone sample was increased from 256 to 864
k points. This improved sampling produced changes in
the calculated valence energies that were less than
5X10 " hartree/atom with minimal effect on the self-
consistency criterion ( —10 hartree). These final results
are those presented and discussed in the following section.
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FIG. 3. Calculated dependence of the LAP%' valence-energy
results on a and u at fixed vo1ume {V, =147.1 a.u.jatom).
Contour values {in units of 10 hartree/atom) are plotted rela-
tive to simple-cubic valence energy. The open circle, triangle„
and cross denote calculated LAP%, pseudopotential (Ref. 10),
observed {Ref. 13) structural parameters, respectively.

plotted as a function of volume for the simple-cubic and
rhombohedral structures. The curves are obtained from
cubic (quartic) fits to tile calculated rhombohedral
(simple-cubic) energies at equally spaced volumes between
135 and 157.5 a.u./atom (127.5 and 157.5 a.u./atom).
The results of a subsequent simple-cubic calculation at
V=120 a.u./atom agreed with the quartic extrapolation
to within 10 hartree/atom.

As indicated, the rhombohedral results in Fig. 2 have
been evaluated for a fixed geometry in which the rhom-
bohedral angle a and the internal displacement are set at
their observed values, ao and Mo, respectively. The curves
show that, even for this unrelaxed geometry, the energy of
the rhombohedral phase is lower than that of the simple-
cubic structure by about 0.0026 hartree/atom (-0.07
eV/atom). It is estimated below that the subsequent re-
laxation of a and u will increase this structural energy
difference by —1 X 10 hartree/atom.

The calculated minimum-energy volume for the rhom-
bohedral phase, V, =147.1 a.u./atom, is in excellent
( -2%) agreement with the observed value, ' 143.8
a.u./atom. It is about 9% larger than that calculated for
the simple-cubic structure (135.4 a.u./atom).

In order to determine the effect of relaxing a and u on
the calculated rhombohedral valence energy, additional
calculations have been carried out at fixed volume V, in
which both parameters have been systematically varied.
In particular, these calculations have considered the 20
geometries that result from four choices of a (60, 57.25',
54.5', 51.75') and five u (0.25, 0.238, 0.23, 0.226, 0.214)
values, respectively.

The results derived from these calculations are plotted
as contours of constant valence energy in Fig. 3. The

contour values denote energy differences (in units of
10 hartree/atom) relative to the simple-cubic results at
the origin (a =60, u =0.25) where E„,~ ———6.482 81
hartree/atom. The contours have been calculated using
interpolated intermediate values (i.e., a series of polynomi-
al fits to the calculated energies, first as a function of a,
then as a function of u), taking into account the symme-

try about u = —,.
The constant-energy contours are nearly elliptical in

shape in the vicinity of the energy minimum

E;„=—0.00398 hartree/atom. The position of this
minimum is indicated by the open circle. The corre-
sponding values of the structural parameters are a=55.9'
and u =0.2294. The cross indicates the observed com-
bination of parameters ao and uo. The interpolated ener-

gy at this point is —1X 10 hartree/atom above E;„.It
agrees with the calculated LAPW energy to —10
hartree/atom. The triangle represents the corresponding
pseudopotential results of Needs, Martin, and Nielsen'
which are discussed below.

The ratio of the major-to-minor axes of the lowest-

energy ellipse in Fig. 3 is about 3.5:1. Its orientation rela-
tive to the coordinate axes shows that the valence energy
of rhombohedral As is more sensitive to variations in u
than in a. This is consistent with the fact that the calcu-
lated value of u is in better agreement with experiment
(-0.8%) than the corresponding agreement in a (-2%).

Presumably, the shape and orientation of these elliptical
contours in Fig. 3 are related to the fact that, at constant
volume, the nearest-neighbor distance d &NN is more
strongly dependent on u than a. For example, near the
calculated minimum, a l%%uo variation in u produces a 1%
change in d iNN. On the other hand, a corresponding vari-
ation in a changes d iNN by only 0.1%.

One can determine the frequency of the zone-center I i

optic mode from the curvature of E„,i versus u at the cal-
culated minimum in Fig. 3. The calculated value for this
frequency, -220 cm ', is in reasonable agreement with
the measured' value of 254 cm ', given the coarse mesh
of atomic displacements that are involved in this frozen-
phonon calculation and the fact that interpolated energies
are used to evaluate the curvature. By comparison, the
pseudopotential calculations'0 provide a frequency of
-250 cm that is in excellent agreement with experi-
ment.

%'e present in Fig. 4 a detailed comparison between the
LAPW valence-energy results for cubic and rhombohedral
As and the pseudopotential results of Needs, Martin, and
Nielsen. ' In this plot, the pseudopotential energies have
been lowered by -0.1141 hartree/atom in order to equal-
ize the minimum simple-cubic energies of the two calcula-
tions. It is emphasized that only the simple-cubic results
in Fig. 4 are directly comparable. The corresponding re-
sults for the A7 structure involve different geoinetries:
one that is fixai (LAPW) and one that is relaxed (pseudo-
potential).

The results of the pseudopotential calculations for
simple-cubic As predict an energy minimum at a volume
which is about 3% smaller than the corresponding LAP%
result. In addition, the curvature near the pseudopotential
minimum is about 20% greater than that of the corre-



L. F. MATTHEISS, D. R. HAMANN, AND %. %'EBER 34

BULK As

-6480—

-6.482—

\
E
O

Py -6,484—
~a

CI

& -6.486-

MPLE
BlC

0.9
V/Vo

FIG. 4. Comparison of LAP%' and pseudopotential results
(Ref. 10) as a function of volume for simple-cubic and rhom-
bohedral As, where Vo ——143.8 a.u./atom is the observed
volume at atmospheric pressure. The pseudopotential energies
have been lowered by —0.114 hartree/atom to facilitate this
comparison.

TABLE I. Comparison of the calculated and observed
structural properties for simple-cubic and rhombohedral As.
EE„~ is the cubic-rhombohedral energy difference while F. q is
the cohesive energy.

Structure/Property Pseudo'

Cubic
2.687
1.04

2.717
0.87

Experiment

hE„,~ (eV/atom)

a (A)
a (deg)

E ~ (eV/atom)
8 (Mbar)

Cubic rhombohedral
0.124 0.069

Rhombohedral
4.017

56.28
0.230

4.084
55.9
0.2294
3.78

(0.77)'0.43

4.1018'
54.554'
0.22764'
2.96'
0.383'

' Reference 10.
Present work.' Reference 13.
Reference 18.

'Calculated for fixed a and u values of Ref. 13.
~ Reference 19.

sponding LAPW curve. The LAPW and pseudopotential
values for the lattice parameter and bulk modulus of
simple-cubic As are listed in the upper portion of Table I.

Larger differences are exhibited by the corresponding
results for the A 7 phase in Fig. 4. Some of these differ-
ences (such as the reduced curvature of the pseudopoten-

tial results near the minimum) are expected on the basis of
the relaxed pseudopotential geometry. For example, the
optimization of a and u as a function of volume will lead
to a lowering of the calculated valence energies, thereby
decreasing the overall curvature of the LAPW A 7 results
near the minimum. However, it is clear from Fig. 4 that
these changes, which amount to —10 hartree/atom
near the LAP% A7 minimum, will not alter the result
that the pseudopotential calculations predict a simple-
cubic —to—A 7 structural-energy difference, -0.12
eV/atom, that is significantly larger than the LAPW re-
sult, -0.07 eV/atom.

A factor that may be partially responsible for the 3%
discrepancy in volume between the LAPW and pseudopo-
tential simple-cubic results in Fig. 4 is the limited
Brillouin-zone sampling involved in the pseudopotential
calculations. A reduction in the LAPW full-zone sample
from 1728 to 512 k points (corresponding to 56 and 20
points, respectively, in the irreducible wedge) shifts the
LAP% simple-cubic minimum to a volume that is about
1% smaller than that shown in Fig. 4. However, these ef-
fects cannot account for the discrepancy between the cal-
culated cubic-A 7 structural-energy differences. In partic-
ular, the analogous LAPW A7 valence-energy results
with reduced-zone sampling have thar minimum shifted
to a slightly larger (-0.2%) volume while maintaining
(to within 0.001 eV} the same 0.07-eV cubic- A 7
structural-energy difference.

The linear-compressibility results of Morosin and
Schirber' allow one to understand the reduced curvature
of the pseudopotential A 7 energy curve near its minimum
in comparison with the LAPW results in terms of relaxa-
tion effects. Denoting the hnear compressibilities along
directions parallel and perpendicular to the trigonal axis
by k, and k„respectively, one can re~rite the volume
compressibility k„=2k, +k, as a sum of two contribu-
tions: one involving a fixed rhombohedral angle (3k, };
and a second as a variable-angle contribution (k, —k, ).
According to the Morosin-Schirber results, ' the latter
represents about 87% of the total volume compressibility
of As. An analysis of earlier data for As provides a
somewhat smaller ( -78%) estimate of this contribution.

A summary of the calculated and observed A 7
structural properties is contained in the lower portion of
Table I. As indicated, the LAP% structural parameters
are generally in slightly better agreement with experiment
than the corresponding pseudopotential results. One ex-
ception, of course, is the bulk modulus, which is overes-
timated in the LAPW calculation because of the omission
of relaxation effects.

The calculated value for the cohesive energy in Table I
is about 0.8 eV/atom larger than the observed value. This
overestimate is consistent with previous calculations" for
the group-VIS elements Cr, Mo, and %. The lowest ener-

gy for the As atom, E„, = —6.3477 hartree, has been
obtained by means of a spin-polarized calculation for a
valence-electron configuration of 4s, 4s, 4p, . The calcula-
tion assumes a rigid core which is identical to that used in
the bulk calculations. The scaling prescription of von
Barth and Hedin ' has been applied to generalize the
signer interpolation formula' to the spin-polarized situ-
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ation. This calculated atomic valence energy is in reason-
able accord with the experimental value ( —6.234 hartree)
that is obtained by suinming the first five experimental
ionization energies.

An interesting issue that has not yet been resolved ex-
perimentally concerns the stability of simple-cubic As
phase at compressed voluxnes. Intuitively, one expects
that the application of hydrostatic pressure to the A7
crystal structure of Fig. 1(a) would tend to equalize the
near-neighbor bond distances and increase the rhom-
bohedral angle, leading eventually to a more close-packed
simple-cubic phase at reduced volumes. This expectation
is quite reasonable in the case of As since a high-pressure
simple-cubic phase has been observed in the nt.*ighboring
group-VA elements P (Refs. 23 and 24) and Sb (Ref. 25)
at pressures of 110and 70 kbar, respectively.

The familiar theoretical approach to identifying a
high-pressure structural phase transition is to attempt a
common-tangent construction between energy-volume
curves like those in Fig. 2. In the present case, however,
this is incorrect. The simple-cubic phase can be continu-
ously deformed into the A7 structure, so that an A7
curve with a and u optimized at each volume could at
most merge with the cubic curve, not cross it. The pseu-
dopotential curves reproduced in Fig. 4 do not merge, and
the authors infer that they remain separated at smaller
volumes than those for which calculations were per-
formed '

An alternative approach is to study the stability of the
simple-cubic phase with respect to small changes of a and
u from their cubic values. We find it to be unstable with
respect to a u-type distortion (R-point phonon) at larger
volumes, but to become stable for V~115 a.u./atom
( V/Vo &0.8). Detailed results illustrating the cross over
are shown in Fig. 5. The cross over implies that we would
find our optimized A7 curve merging with the cubic
energy-volume curve with a common tangent at
V/VO-0. 8. From the slope at this point, we estimate
that the A 7-cubic transition should occur at -190 kbar.
These results are at variance with those of the pseudopo-
tential study. In addition to the noncrossing of their
curves, those authors found the cubic phase to remain un-
stable down to the smallest volume examined. ' They
find it to be stable with respect to a-type distortions
(rhombohedral shears) at all volumes, as do we.

Our expected trend toward a stable siinple-cubic As
phase at high pressures is consistent with the observed
pressure dependence of a and u. In addition to the linear
compressibilities, Morosin and Schirber' have measured
the variation of u with pressure. According to their re-
sults, both o. and u increase with pressure towards their
simple-cubic values at rates given by d(lna)/dP=1. 8
Mbar ' and d (lnu)/dP = 1.2 Mbar ', respectively.
Mc%'han has combined these results with additional
high-pressure data to show that the As rhombohedral an-
gle a approaches 60' at a reduced volume V/V0=0. 8, in
surprisingly good agreement with our result.

In their study of superconductivity at high pressures in
As, Herman and Brandt have observed a jump in T, at
pressures near 140 kbar which may be related to the prox-
imity of an A7—simple-cubic structural transformation.
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FIG. 5. Calculated LAP% valence energies (solid circles)
versus rhombohedral displacements near the crossover volume
V=115 a.u./atom below which the simple-cubic phase is stable.
The solid lines are parabolas determined by the central and
outermost energy values.
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The application of uniaxial pressures in this range have
been reported to yield a complicated metastable tetrago-
nal structure that persists after the pressure is released.
Therefore, it is possible that a transition to a more close-
packed As phase may occur before the A 7-cubic transi-
tion is reached.

In order to obtain a better understanding of the energet-
ics of the cubic-rhombohedral distortion, it is useful to ex-
amine the band properties of the two phases. The I.APW
band structure for simple-cubic As at its minimum-energy
volume (135.4 a.u./atom) is shown in Fig. 6. The band
profiles exhibit characteristic tight-binding features, in-
cluding a single low-lying band with predominantly 4s
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character as well as a half-filled 4p band that is approxi-
mately centered about EF. A subband of the higher-
energy 41 manifold overlaps the unoccupied 4p bands
near M.

Using a simple tight-binding model (involving nearest-
neighbor interactions and a two-center approximation),
Weber has shown that a half-filled simple-cubic p band
leads to electron and hole Fermi-surface sheets that nest
perfectly when the R point is folded back into the zone
center, This suggests that the cubic-A7 distortion is
driven by a Peierls-type instability involving an R-point
phonon. A plot of the folded simple-cubic bands for As,
which is shown in Fig. 7(a), demonstrates that the main
features of this nesting are preserved in the present
LAPW results. The effect of the rhombohedral distortion
on these folded simple-cubic bands is shown in Fig. 7(b).
These rhombohedral results are derived from the
minimum-energy geometry of Fig. 2 ( V„=147.1

a.u./atom). As expected, the reduced symmetry of the
rhombohedral phase is found to eliminate many of the
band crossings near EF as well as the accidental degenera-
cies that occur throughout the hexagonal faces of the fcc
equivalent to the rhombohedral Brillouin zone of Fig.
1(b).

A comparison of the LAPW results in Fig. 7 with a
similar plot of the corresponding pseudopotential results
of Needs, Martin, and Nielsen' indicates excellent overall
agreement. Small differences in the cubic results (-0.5

eV) are attributed to the larger volume (145.2 a.u. /atom)
in the pseudopotential calculation. Equally good agree-
ment is obtained in regard to the self-consistent pseudopo-
tential results of Tokailin et al. which have been com-
pared in detail with the companion angle-resolved photo-
emission results. Unlike the early results, each of the
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present calculations predicts a Fermi surface involving a
single electron pocket at the L point, in accord with ex-
periment. '

The stabilizing effect of the rhombohedral distortion is
seen more directly in a comparison of the simple-cubic
and rhombohedral density-of-states curves which are
shown in Fig. 8. The cubic results have been calculated
using the tetrahedral method, with a total of 84 k points
in the irreducible wedge of the Brillouin zone (1728 points
in the full zone). The corresponding rhombohedral calcu-
lation has utilized a root-sampling procedure involving
216 (2048) points in the irreducible wedge (full zone).
Both curves have been smoothed with a Gaussian having
a full width at half maximum of 0.5 eV.

A comparison of these density-of-states results shows
that the principal effect of the rhombohedral distortion is
to split the simple-cubic peaks arising from the 4s and 4p
bands in a nearly symmetric manner. The splitting of the
4s peak, which is about 11.5 eV below EF, has minimal
effect on the stability of the rhombohedral phase. On the
other hand, the corresponding splitting of the broad 4p
peak that is centered about Ez is seen to cause a signifi-
cant reduction in the average band energy of the states
just below EF.

Because the nearest-neighbor coordination in the rhom-
bohedral phase is reduced from six to three nearest neigh-
bors, one expmts an increase in the strength of the A 7 in-
tralayer bonds in comparison with the corresponding
simple-cubic results. This effect is illustrated in the
charge-density results shown in Fig. 9 where we compare
the charge-density contours in a simple-cubic (110) plane
with those in an analogous plane of the rhombohedral
structure. It is found that the combined effects of the
shear distortion (ba) and the dimerization (hu) is to in-
crease the bond charge density from about 0.05 to 0.07
electrons/a. u. 3 along the three nearest-neighbor directions
and to reduce it by a factor of 2 along second-neighbor
directions.

In general, the present I.AP% A7 charge-density re-
sults are in good qualitative agreement with the

FIG. 7. Comparison of the folded simple-cubic As band
structure (a) with that for rhombohedral As (b), plotted along
analogous directions in the corresponding Brillouin zones.

FIG. 8. Valence-band density-of-states curves for simple-
cubic and rhombohedral As.
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