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Ab initio molecular-dynamics simulation of liquid GaxAs1Àx alloys

R. V. Kulkarni and D. Stroud
Department of Physics, The Ohio State University, Columbus, Ohio 43210

~Received 7 December 1999; revised manuscript received 3 May 2000!

We report the results ofab initio molecular-dynamics simulations of liquid GaxAs12x alloys at five different
concentrations, at a temperature of 1600 K, just above the melting point of GaAs. The liquid is predicted to be
metallic at all concentrations betweenx50.2 andx50.8, with a weak resistivity maximum nearx50.5,
consistent with the Faber-Ziman expression. The electronic density-of-states is finite at the Fermi energy for all
concentrations; there is, however, a significant pseudogap especially in the As-rich samples. The Ga-rich
density-of-states more closely resembles that of a free-electron metal. The partial structure factors show only
a weak indication of chemical short-range order. There is also some residue of the covalent bonding found in
the solid, which shows up in the bond-angle distribution functions of the liquid state. Finally, the atomic
diffusion coefficients at 1600 K are calculated to be 2.131024 cm2/s for Ga ions in Ga0.8As0.2 and 1.7
31024 cm2/s for As ions in Ga0.2As0.8.
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I. INTRODUCTION

The study of liquid metals and alloys has drawn cons
erable attention recently, in particular due to the possibi
of carrying out first-principles orab initio calculations for
these systems. In these calculations the electronic structu
evaluated quantum mechanically using density-functio
theory and the corresponding forces are used to move
ions according to classical molecular dynamics. Using t
approach it is possible to calculate both the atomic and e
tronic structure consistently and to see how changes in
are correlated with changes in the other. By now, a num
of groups have used these methods to calculate both the
modynamic and transport properties of a variety of liqu
metals and alloys.1–3

Liquid semiconductors are of particular interest from t
point of view of ab initio calculations. By ‘‘liquid semicon-
ductors,’’ we mean liquids of materials that are semicondu
ing in their solid phases, such as Si, Ge, GaAs, and Cd
Somewhat surprisingly, most of these are reasonably g
metals in theirliquid phases. For example, Si, Ge, and Ga
all have conductivities near melting which lie in the metal
range, and which tend to decrease with increasing temp
tures, as is characteristic of metals. This metallic behavio
correlated with an increase in coordination number on m
ing, the liquid is thus more close packed than the solid a
has a higher density. By contrast,l-CdTe is poorly conduct-
ing in its liquid state and its conductivityincreaseswith
increasing temperature, characteristic of semiconductors

Recentab initio calculations for several of these materia
give behavior that is in good agreement with these exp
ments. Godlevskyet al.4 have found, in agreement with ex
periment, that stoichiometric GaAs is metallic, whereas s
ichiometric CdTe is a reasonable insulator. These differen
in the electronic properties were related to the difference
the structural properties occurring within the melt. An earl
calculation by Zhanget al.5 studied stoichiometricl-GaAs
using the Car-Parrinello version ofab initio molecular
dynamics.6,7 In this calculation too, it was found thatl-GaAs
is a metallic, weakly ionic liquid, with a larger coordinatio
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number than the insulating solid phase.
In this paper, we describe a numerical study

l -GaxAs12x over a range of concentrations, usingab initio
techniques. The liquid is miscible over the whole concent
tion range, unlike the solid, which exists only at stoichiom
etry. Such a study is of interest for a variety of reasons. T
properties ofl -Ga andl -As stand in marked contrast to eac
other. l -Ga is a close-packed liquid metal with a coordin
tion number of;9 and its electronic density-of-states is a
most free-electronlike. In contrast,l -As has the same coor
dination number as in the crystalline phase (;3), and is a
narrow band-gap semiconductor in the liquid state. Th
while we expectl -Ga to show metallic bonding,l -As is
expected to retain the covalent character of the bond u
melting. Previousab initio calculations for these liquids8,2

have indeed confirmed this picture. Thus as the stoichio
etry is varied forl -GaxAs12x , we would expect interesting
changes both structurally and electronically. It is also of
terest to compare the structures ofl -GaxAs12x for x50.2
andx50.8 with the structure for the corresponding pure li
uids ~As and Ga, respectively! to see how changes in struc
tural properties are correlated with changes in electro
properties.

We turn now to the body of the paper. In Sec. II, w
briefly summarize our approach and method of calculati
Our results are presented extensively in Sec. III, toget
with some analysis connecting the calculations to a qua
tive picture of the liquid state. Finally, in Sec. IV, we give
short concluding discussion.

II. METHOD AND COMPUTATIONAL DETAILS

Our method of carrying out theab initio simulations is
similar to that of our previous paper.9,10 We use the plane-
wave pseudopotential approach with generalized no
conserving pseudopotentials11 in the Kleinman-Bylander
form,12 treating thed-wave part as the local component. Th
exchange-correlation potential is computed using the lo
density approximation, using the Ceperley-Alder result
the exchange-correlation energy, as parametrized by Per
4991 ©2000 The American Physical Society
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4992 PRB 62R. V. KULKARNI AND D. STROUD
and Zunger.13 The details of the code can be found in t
literature.14,15

Our liquid-state molecular dynamics simulations we
carried out at a temperatureT51600 K,16 just above the
melting point of GaAs (T51515 K!. We have considered
five concentrations of GaxAs12x : x50.2, 0.4, 0.5, 0.6, and
0.8. In each case, we used a cubic 64-atom supercell
periodic boundary conditions. For this size cell, the act
numbers of Ga atoms in the five samples were 13, 26, 32
and 51.~Since the minority component in the 20% and 80
samples has only 13 atoms, the statistics will be quite p
for them and the results should be given greatest significa
for the majority components in those cases.! The atomic den-
sities for the five concentrations were obtained from the m
sured density ofl -GaAs at this temperature,17 together with
Vegard’s Law ~i.e., linear interpolation of atomic
volumes!.18 We use a 10 Ry cutoff for the energies of th
plane waves included in the wave function expansion,
G-point sampling for the supercell Brillouin zone. For th
electronic structure, we used Fermi-surface broadening
responding to an electronic subsystem temperature ofkBTel

50.1 eV. In calculating the electronic wave functions,
each concentration we include eight empty bands. We c
trol the ionic temperature using the Nose´-Hoover
thermostat.19 The equations-of-motion are integrated
means of the Verlet algorithm, using an ionic time step
125 a.u.~;3 fs!. For each concentration, the samples w
equilibrated for about 0.2 ps, following which simulation
were carried out for more than 3 ps.

These simulations start from an initial configuratio
which, for the stoichiometric liquid, was generated from
classical molecular-dynamics~CMD! simulation using po-
tentials of the Stillinger-Weber form.20 Although our particu-
lar potentials were originally derived for liquid GexSi12x al-
loys, they should give a reasonablestartingconfiguration for
the Ga12xAsx alloys that we study. We use these potenti
but with Ga and As masses rather than those of Si and
This model system was melted using classical molecular
namics at high temperatures, then cooled down graduall
the temperature of interest. The configuration thus obtai
from CMD was equilibrated for 0.2 ps~about double the
expected relaxation time for this system!. For the nonsto-
ichiometric liquids, we used the same starting configurat
as in the stoichiometric case, but with Ga atoms rando
substituted for the appropriate number of As atoms~or vice
versa!, so as to give the correct concentration.

III. RESULTS

Figure 1 shows the three partial pair correlation functio
gGaGa(r),gAsAs(r), andgGaAs for liquid GaxAs12x at the con-
centrationx50.5 and a temperatureT51600 K. A number
of features deserve mention. First, atx50.5, the principal
peaks of all three partial pair-correlation functions occur
about the same separation, namely 2.5 Å. This indicates
nonionic character of the bonds; in ionic liquids the part
pair-correlation functions for like atoms are out of pha
with the corresponding function for unlike atoms.21 Our re-
sults for gab(r) are in close agreement with the recent c
culation by Godlevskyet al;4 an earlier calculation by Zhan
et al.5 also gives the same features although these author
ith
l
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a much stronger principal peak forgGaAs(r) than is found in
either our calculations of that of Ref. 4. While the princip
peaks are in phase, there are some differences among
partial g(r )’s. For example, atx50.5, gAsAs(r ) has a
slightly higher and narrower first peak, and a stronger sec
peak, thangGaGa(r ), while gGaGa(r ) has a broad first peak
and no obvious peak beyond that. We have also calcula
the coordination numbers for the first shell of neighbors,
fined as the integral of 4prr 2g(r ) from zero out to the mini-
mum after the first maximum ing(r ). @Hereg(r ) is thetotal
pair-correlation function, which does not distinguish betwe
the two species, normalized so that it approaches unity
large r.# The coordination we calculate in this way atT
51600 K is 5.8, in good agreement with the experimen
estimate of 5.560.5. Note also that this value is larger tha
the diamond-structure value of 4 but significantly smal
than the value expected in a close-packed liquid, wh
would be in the range of 9 or 10. This value indicates t
persistence of covalent bonding inl -GaAs.

Figure 2 showsgGaGa(r ) at x50.8 and gAsAs(r ) at x
50.2. The latter shows more short-range order than
former—specifically, a sharper main peak and a broad s
ond peak, rather than a single broad principal peak. We
lieve that there are several causes for these differences. F
pure Ga has a much lower melting temperature than ei
Ga0.5As0.5 or As. Thus, at the same temperature of 1600
we expect less short-range order forgGaGa(r ) at x50.8 than
for gAsAs(r ) at x50.2, as seen in our calculations. In add
tion, we expect thex50.2 sample to show some residue

FIG. 1. ~a! Pair-correlation functionsgGaGa(r ), gAsAs(r ), and
gGaAs(r ) for l -GaxAs12x at a temperature of 1600 K and conce
trationx50.5. The graphs are vertically offset by one unit each
clarity.
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PRB 62 4993AB INITIO MOLECULAR-DYNAMICS SIMULATION OF . . .
the complex local structure seen in purel -As, which is, in
turn, quite similar to that of the crystalline phase.8,22 Indeed,
our calculatedgAsAs(r ) at x50.2 has some of the same fe
tures as those in the calculatedg(r ) for pure l -As.8 How-
ever, there are also some observable differences, which
be related to the fact that, experimentally, purel -As is
semiconducting22 while l -Ga0.2As0.8 is calculated to be me
tallic ~as shown later when we calculate the electronic str
ture!. First, if we integrategAsAs(r ) for the x50.2 sample
out to the first minimum beyond the main peak, we obtai
coordination number of 3.2 As atoms for the first shell
nearest neighbors surrounding an As atom. This is slig
larger than the value 3 reported for purel -As ~at T51150 K!
experimentally and in previous calculations.8,23 A more im-
portant difference is that purel -As has a sharp second pea
in g(r ),22 whereas forgAsAs(r ) in our simulations, this sec
ond peak is very broad. While some of this broadening m
result from the higher temperature (T51600 K! in our simu-
lations forx50.2, these results suggest that the local str
ture seen inl -As is preservedonly out to the first shell of
neighbors inl -Ga0.2As0.8.

On the other hand, the features we see forgGaGa(r ) at x
50.8 are qualitatively similar and consistent with those se
for liquid Ga at lower temperatures.2,26 Using the procedure
indicated above, we get a Ga coordination number of 5.8
the first shell. If we integrate the totalg(r ) up to the first
shell ~i.e., including both As and Ga neighbors of Ga!, we
obtain a Ga coordination number of 6.9. While these val
are smaller than the coordination number of 9.0 reported
purel -Ga,26 we attribute the difference to the lowering of th
first peak due to the higher temperature of our simulati
(T51600 K! compared to those for purel -Ga (T5702 K
andT5982 K!.2

Figures 3–5 show information about the various par
alloy structure factors at the same temperature. The pa
structure factorsSi j (k) are defined in one of the standa
ways:24,25

Si j ~k!5~NiNj !
21/2K (

i
(

j
e2 ik•~Ri2Rj !L 2~NiNj !

21/2dk,0 ,

~1!

FIG. 2. ~top! gGaGa(r ) for x50.8; ~bottom! gAsAs(r ) at x50.2
andT51600 K.
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wherei andj denote the two components of the binary allo
Figure 3 shows the calculated total structure factorS(k), as
weighted by neutron-scattering factors at a concentratiox
50.5. S(k) is defined by

S~k!5
bi

2Sii ~k!12bibjSi j ~k!1bj
2Sj j ~k!

bi
21bj

2
, ~2!

wherebi andbj are the corresponding experimental neutro
scattering lengths (bGa57.2 andbAs56.7) For comparison,
we also show in Fig. 3 the quantityS(k) as measured by
neutron diffraction.27 As can be seen from the figure, the tw
agree quite well. In particular, the calculations convincing
reproduce the experimentally observed shoulder on the h
k side of the principal peak inS(k).

Figure 4 shows the three partial alloy structure fact
SGaGa(k), SAsAs(k), andSGaAs(k) at x50.5 andT51600 K.

FIG. 3. Full line: Calculated neutron structure factorS(k)
5( i , j 5Ga

As f i j (k)Si j (k), where f i j (k) is the neutron form factor, for
x50.5. Open circles: measuredS(k) as obtained by neutron diffrac
tion ~Ref. 27!.

FIG. 4. Partial structure factorsSGaGa(k), SAsAs(k), and
SGaAs(k) for x50.5. SAsAs(k) is vertically offset for clarity.
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4994 PRB 62R. V. KULKARNI AND D. STROUD
The structure factor for like pairs is always positive, with
conspicuous first peak, while the structure factor betw
opposite pairs is negative for smallk, becoming positive atk
values corresponding to the peaks in the other two pa
structure factors. It is of interest to compare these result
those found in other model calculations. For a mixture
hard spheres of packing fraction 0.45~characteristic of the
liquid near melting! and ratio of hard-sphere diameters
0.9,28 the cross-correlation function is negative at smallk and
has a peak near that of the two same-species functions,
our calculations. By contrast, for liquid NaCl, which
strongly ionic, the cross-correlation function has a stro
negativepeak at the samek as the peaks of the same-spec
partial structure factors. Thus, our results are more simila
the hard-sphere structure factors, suggesting that liquid G
is at most only weakly ionic.

Finally, Fig. 5 showsSGaGa(k) at x50.8 andSAsAs(k) at
x50.2. Once again, like the real-space correlation functi
at the same concentrations, the Ga-Ga structure factors s
slightly less correlation~i.e., a lower principal peak and
less conspicuous second peak! than do the correspondin
As-As structure factors. One possible reason for this beh
ior, as for the corresponding real-space correlation functio
is that thex50.8 sample is further from melting than is th
x50.2 liquid.

SAsAs(k) for x50.2 shows characteristic differences fro
that for purel -As, which are analogous to those discuss
earlier for theg(r )’s. Specifically,S(k) for pure l -As ~Ref.
22! has a split principal peak with maxima atk52.45 Å21

and k53.74 Å21. By contrast,SAsAs(k) for x50.2 has a
peak at 2.5 Å, but the second peak is reduced to onl
shoulder at about 3.5 Å. The fact that the second of the s
peaks is smoothed to a shoulder atx50.2 indicates a chang
in the local structure, which is also reflected in the reduct
of the second peak of partialg(r ) as noted earlier.

We next discuss thex50.8 sample, comparing our resul
with those for purel -Ga at lower temperatures.2,26 The par-
tial structure factor show the same qualitative features as
structure factors for the pure liquid, but there are some qu
titative differences. Our results forx50.8 ~at 1600 K! show

FIG. 5. Calculated partial structure factors~top! SGaGa(k) at x
50.8; ~bottom! SAsAs(k) at x50.2.
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a first peak inSGaGa(k) with a maximum of only about 1.3
which is lower than the experimental one seen in pure G
959 K (;1.7). We attribute the lowering of the first peak
the increased temperature, as seen experimentally in m
liquid metals.

Further information about the short-range order in the l
uid alloy may be obtained frombond angle distribution func-
tions, shown in Figs. 6 and 7. These functions are defined
analogy with our previous work in liquid Ge.9,10 Namely,
one considers a group of three atoms. Of these, one is
noted as the central atom; the other two atoms~denoted as
‘‘side atoms’’!, with the central atom, define a bond angleu.
g3(u,r c) is the distribution of bond angles formed by a
such groups of three atoms, such that both the side atom
within a cutoff distancer c of the central atom. Figure 6
showsg3(u,r c) for the Ga-Ga-Ga angles atx50.8, and for
the As-As-As angles atx50.2, each for two different
choices of the cutoff radiusr c . Figure 7 shows the sam
functions for Ga-Ga-Ga and for As-As-As atx50.5.

FIG. 6. Calculated bond angle distribution functionsg(u,r c) for
~top! groups of three Ga atoms at a concentrationx50.8, and~bot-
tom! groups of three As atoms at a concentrationx50.2, both for
two different cutoff radii,r c53.4 Å andr c53.8 Å, as defined in the
text.

FIG. 7. Same as for Fig. 6 but forx50.5 and ~top!
gGaGaGa(u,r c); ~bottom! gAsAsAs(u,r c).
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PRB 62 4995AB INITIO MOLECULAR-DYNAMICS SIMULATION OF . . .
The peaks in these distribution functions give hints ab
the short-range bond order in the liquids. For example
peak nearu560° corresponds to a relatively close-pack
arrangement of the corresponding atomic group, with m
nearest neighbors. In contrast, a peak near 100° indicat
more tetrahedral structure, typical of covalent bonding. Th
the upper part of Figs. 6 and 7 suggest that the Ga ions f
a rather close-packed arrangement atx50.8 and x50.5,
since there is a strong peak near 60° for both values of
cutoff r c . By contrast, the lower parts of Figs. 6 and 7 su
gest that, as expected, the As atoms have a more ope
rangement atx50.2, since there aretwo peaks ing3 at this
concentration: a side peak near 50°, and another notice
peak near 97°. We also observe the peak at 97° for As at
at x50.5, however it is broader and less pronounced tha
x50.2. In both Figs. 6 and 7, the Ga-Ga-Ga bond an
distribution depends little onr c .

At x50.2, the As-As-As distributions show noticeab
50° – 60° peaks only at the larger cutoff values. At t
smaller cutoff radius, the 50° – 60° peaks are missing. Th
at short distances, the As clusters tend to maintain the l
version of the structure they have in the pure liquid ph
~and the crystalline phase! which shows a strong peak at 97
but at larger cutoffs the local structure differs from that
pure l -As. We have made the same observation in conn
tion with gAsAs(r ) at the same concentrations, and with t
shoulder inSAsAs(k). The 97° peak implies some tetrahedr
order persisting tox50.2, though this peak is less pro
nounced than in purel -As.8

We have also calculated the electronic properties
l -GaxAs12x . We calculate the single-particle electron
density-of-statesN(E) in the standard way, by using the e
pression

N~E!5 (
k,Ek

wkg~E2Ek!. ~3!

In this expressionEk denotes one of the energy eigenvalu
of the single-particle wave functions at a particulark point
within the supercell Brillouin zone,wk is the weight of thatk
point ~defined below!, and g(E) is a Gaussian smoothin
function of width s50.2 eV. Our calculation is carried ou
by sampling the supercell Brillouin zone at eight speciak
points, using the same choice of special points and weig
as that of Holenderet al. in their calculations for purel -Ga,2

which have been well tested and found to be an adeq
representation of the supercell Brillouin zone. This choice
however, convenient rather than unique; we expect that o
choices having the same number ofk points would have
given similar results, as has been found in purel -Ga. For
eachk point we include 40 conduction band states, and
each concentration, we obtain our final results by averag
over 12 representative liquid state configurations.

The resulting calculated density-of-statesN(E) is shown
for the four concentrationsx50.2, 0.4, 0.6, and 0.8 in Fig. 8
@We do not show our calculatedN(E) for x50.5, but it
interpolates smoothly betweenx50.4 andx50.6.# As in our
previous studies, the alloy has a clearly metallic density-
states for all concentrationsx. However, just as in our previ
ous results for GaxGe12x , the density-of-states become
more and more free-electronlike as the concentrationx of the
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metallic component~Ga in this case! increases. Purel -As is
semiconducting and has been calculated to have d
minima in the electronic density-of-states at the Fermi
ergy (EF), and also at an energy of;27 eV ~measured from
EF),8 which separates thes andp bands. Liquid Ga, on the
other hand, has an almost free-electronlike density-of-sta
We see these features reflected in our simulations; as
figures indicate, the electronic density-of-states has
pseudogap in the As rich phase, which progressively fills
as the Ga concentration is increased, so that forx50.8 it is
hardly noticeable. But even at low Ga concentrationx
50.2), there is no minimum in the density-of-states at
Fermi energy. As for the pseudogap, we find that its posit
changes monotonically to lower energies~relative to EF)
with increasing Ga concentration. A similar pseudogap
reported in calculations for purel -Ge,9,29 for the same rea-
son, i.e., a partial separation betweens-like andp-like bands.

We have also computed the frequency-dependent ele
cal conductivitys(v) for x50.2, 0.4, 0.5, 0.6, and 0.8, a
frequencies ranging up to 2 eV.s(v) is given by the stan-
dard Kubo-Greenwood expression30

s~v!5
2pe2

3m2vV
(

i
(

j
(
a

~ f j2 f i !u^c i u p̂auc j&u2

3d~Ej2Ei2\v!, ~4!

where c i and c j are the single particle Kohn-Sham wav
functions with Fermi occupanciesf i and f j and energy ei-
genvaluesEi andEj . Once again, we calculate the condu
tivity using the same set of eight specialk points used for
N(E), and averaging over the same 12 representative io
configurations, including 40 conducting band states for e
k. Note that while the differences in Kohn-Sham eigenvalu
cannot strictly be used to calculate excitation energies, as
do in this equation, this approach is generally used in
context of liquid metals and does give good agreement w

FIG. 8. Single-particle electronic density-of-statesN(E) for
GaxAs12x at x50.2, 0.4, 0.6, and 0.8. The Fermi energy in ea
case is shown as a dashed-vertical line.
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4996 PRB 62R. V. KULKARNI AND D. STROUD
experiment in a number of cases, both for the dc conducti
and also at finite frequencies for stoichiometricl -GaAs.4

The frequency-dependent conductivity is shown in Fig
for x50.2 andx50.8 and Fig. 10 forx50.5, and its calcu-
lated zero-frequency limit is listed in Table I for the fiv
concentrationsx50.2, 0.4, 0.5, 0.6, and 0.8, all atT51600
K.

Several features of the conductivity graphs, and of
tabulated dc limits, deserve mention. First, the calcula
value of the dc conductivity atx50.5 is very close to the
experimental value: 0.843104 ohm21 cm21, compared to
the experimental value of 0.793104 ohm21 cm21.17 Second,
the conductivity has a weak minimum nearx50.5. This is
consistent with expectations based on second-order pertu
tion theory,31 which would predict that alloy scattering~due
to concentration fluctuations! would be amaximumnear x
50.5 Third, the frequency dependence ofs(v) becomes
more metallic asx increases. Specifically, atx50.8, s(v)
clearly decreases with increasing frequency, characterist

FIG. 9. Calculated electrical conductivitys(v) for GaxAs12x at
x50.2 andx50.8.

FIG. 10. Calculated electrical conductivitys(v) for GaxAs12x

at x50.5.
ty

9

e
d

a-

of

a Drude metal, while for the highest As concentrationx
50.2), the conductivity is nearly frequency independent
the range of calculation. This behavior is closer to the n
metallic behavior in which the conductivityincreaseswith
increasing frequency.

Finally, we have computed one importantatomic trans-
port coefficient, namely, the atomic self-diffusion coef
cients Dii for the majority species in the two liquid
Ga0.2As0.8 and Ga0.8As0.2. In both cases, theDii ’s can be
extracted from a plot of the mean-square atomic displa
ment versus time, which approaches a straight line in
limit of large time. The expression is

Dii 5 lim
t→`

^uRi~ t !2Ri~0!u2&
6t

, ~5!

where Ri(t) denotes the position of an ion of speciesi at
time t, and the triangular brackets denote an average ove
atoms of speciesi and over initial times. Plots of the mean
square atomic displacement as a function of time are sh
in Fig. 11 for both types of atoms atx50.2 and 0.8 as indi-
cated above; From these we obtainDGa52.131024 cm2/s at
x50.8; DAs51.731024 cm2/s atx50.2.

The value forDAs at x50.2 is about three times large
than that obtained by Li~Ref. 8! for pure l -As (D;0.6
31024 cm2/s). This difference is probably due to a comb
nation of several factors. First, the calculations by Li a
carried out at a temperature;450 K lower than ours. Sec
ond, purel -As seems to have more covalent bonding th
Ga0.2As0.8, which probably impedes atomic motion, giving
lower atomic diffusion coefficient for As. Thus, in short, th

TABLE I. Direct current conductivity at the five concentration
obtained by extrapolating low-frequency ac conductivity results

Concentration~%! 20 40 50 60 80

sdc(104 ohm21 cm21) 0.93 0.9 0.84 0.91 1.1

FIG. 11. Calculated mean-square displacem
^uRi(0)2Ri(t)u2&, plotted as a function oft at x50.2 for As and at
x50.8 for Ga.
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behavior seems to be consistent with the rest of our pict
which is thatl -GaxAs12x rapidly acquires metallic conduc
tivity, and corresponding structural properties forx as small
as 0.2.

IV. DISCUSSION AND CONCLUSIONS

The most striking results of these calculations is t
GaxAs12x remains metallic at all concentrations betweenx
50.2 andx50.8, including the As rich valuex50.2. Thus
even low Ga concentrations are sufficient to ren
l -GaxAs12x metallic ~recall that purel -As is semiconduct-
ing!. This is reflected in the electronic density-of-states t
shows no minimum at the Fermi energy for all concent
tions studied. The liquid structure is also consistent with m
tallic behavior at all concentrations betweenx50.2 and 0.8,
although there are some clear deviations from the beha
seen in simple metallic alloys. Specifically, although the
ordination number at all concentrations is larger than
value of four that might be expected in a predominantly
valent liquid, it is still smaller than that of a typical close
packed hard-sphere mixture. Atx50.2 and 0.8, the pair-
correlation functions and structure factors resemble thos
the corresponding pure liquids, except that the split first p
in S(k) of l -As becomes a single peak with a weak shoul
in As.

It has been suggested32 that semiconducting propertie
persist in a liquid only if the liquid has the same short-ran
order as the crystalline phase. In the alloys we study,
liquid state has a short-range order that is distinctly differ
from the solid. We also find that all these alloys are metal
in agreement with the suggestion of Ref. 32. By contra
again in agreement with the picture advanced in Ref.
another compound semiconductor, stoichiometric CdTe,
pears to preserve the crystalline short-range order, and
to retain its semiconducting characteristics in the liquid sta
Such semiconducting behavior was indeed found in theab
initio calculation by Godlevskyet al.4 It would be of interest
to extend their calculations of stoichiometry, where meta
behavior is likely.

The other characteristics ofl -GaxAs12x reflect its funda-
mentally liquid-metallic character. For example, the resis
ity is predicted to exhibit typical Faber-Ziman behavior:
weak positive deviation from a linear concentration dep
dence near stoichiometry, which is caused by alloy scat
ing. The calculated values of the partial atomic diffusi
ys

ev
.
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coefficients are comparable to the diffusion coefficients
those other liquid semiconductors that are metallic in th
liquid states. We find no evidence of a strong reduction
this value because of formation of clusters near stoichio
etry; such cluster formation is not expected for GaxAs12x
because of the small electronegativity differences betw
the two species. One might speculate that, in other liq
semiconductors, such as stoichiometricl -CdTe, which re-
main poorly conducting in the liquid state, the local structu
is much more ionic near melting and the atomic diffusi
coefficients are correspondingly lower.

In summary, our calculations show that GaxAs12x is a
reasonable metal at all concentrations betweenx50.2 and
x50.8. In particular, there is no evidence of strong co
pound formation in the liquid state nearx50.5. The electri-
cal conductivity shows a concentration dependence typica
a liquid metallic alloy, with evidence of weak scatterin
from concentration fluctuations that reaches a maximum n
x50.5. The electronic density-of-states shows no minim
at the Fermi energy; instead, it has a pseudogap betw
s-like and p-like occupied states that persists at all conce
trations, though it is considerably weaker in the Ga-rich
loys. The atomic diffusion coefficient is calculated to b
similar to that of other liquid semiconductors that are met
lic in their liquid state. Finally, the liquid structure show
some indications of deviation from the behavior of simp
liquid metal alloys.25 The principal evidence of deviation
from behavior characteristic of a simple liquid alloy form
tion comes from the calculated pair-correlation function
structure factors, and bond angle distribution functions, al
which show some weak indications of departure from clo
packed behavior: smaller coordination functions than in ty
cal hard-sphere liquids, and a weak residue of tetrahe
bonding.
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