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Atomic structure and bonding in liquid GaAs from ab initio molecular dynamics
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The structural and electronic properties of liquid GaAs are investigated using ab initio
molecular-dynamics methods. In agreement with experiments, we find that liquid GaAs is
metallic, with an average coordination number between 5 and 6. Analysis of the electronic-
charge distribution shows that weakly ionic bonds, similar to those of crystalline GaAs, are still
present in the liquid. At variance with the crystal, these bonds are not permanent, but are
continuously formed and disrupted by atomic diffusion. On the average, however, almost 50%
of the atoms of the first coordination shell are bonded to the central atom. Bonds between
like atoms are very frequent ( 27%); three-atom clusters of a single species have a relative
probability of 6%, while larger clusters occur only occasionally.

I. INTRODUCTION

Recently a great deal of attention has been paid to the
study of disordered semiconductors. Although most of
the work is focused on the solid amorphous (a) phase, the
liquid (f) phase is also attracting increasing interest, both
for its basic relevance and because of the role of the liq-
uid phase in technologically important processes such as
crystal growth from the melt ~ While much is known the-
oretically and experimentally on the liquid phase of the
group-IV elemental semiconductors, particularly Si and
Ge, the corresponding study of the III-V compound semi-
conductors such as GaAs is still in its infancy. Here new
phenomena are expected to come into play since, together
with the positional disorder also present in the elemen-
tal semiconductors, one must consider the compositional
disorder, which can give rise to chemical defects such as
wrong bonds (i.e. , bonds between like atoms), which are
absent in the perfect crystalline phase of compound ma-
terials. Such defects are expected to have a considerable
influence on optical and electronic properties. Unfor-
tunately neutron-difI'raction results have been unable to
separate the three partial structure factors SA,A„SG G,
and SA,G~, and have only given a linear combination
of the three, weighted by the scattering lengths. Since
the neutron-scattering lengths of As and Ga are fairly
similar, the experimentally determined structure factor

gives with good approximation the structure of the fluid,
averaged over the two atomic species. Thus the crucial in-
formation on the relative arrangement of the atoms, and
therefore on the presence of wrong bonds, is not available
as yet.

Experiments show that, similar to Si and Ge, GaAs be-
comes metallic and increases its density upon melting.
Neutron-scattering data for the species-averaged struc-
ture indicate that the larger density of the liquid phase
is related to a variation of the coordination number z,
from the value 4 typical of the crystal to a value of ap-
proximately 5.5 (+0.5), while a slight increase of the av-

erage interatomic separation takes place. This value of z
is much smaller than that of simple liquid metals, where
close packing gives rise to typical values of z in the range
12—14,~ and even lower than that observed in /-Si and
l-Ge, where z is between 6 and 7. This suggests that
covalent (or mixed ionic and covalent) bonds in !-GaAs
are likely to play an important role. A question of great
interest is to understand how these bonds may coexist
with the observed metallic behavior. A more specific
and closely related issue concerns the origin of the small,
yet observable, diAerences between the average structural
properties of /-GaAs and those of molten Si and Ge.

We rep or t here the results of a first-principles
molecular-dynamics (MD) (Ref. 5) simulation of l-GaAs.
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This method has been successfully used to investigate
the liquid and amorphous phases of several ele-
mental materials. A distinctive feature of the ab ini-
tio MD scheme is that one generates at the same time
the atomic trajectories and the corresponding ground-
state electronic-charge distributions. One can therefore
follow directly the evolution of the chemical bonds re-
sulting from the atomic motion. In addition, one can
calculate consistently electronic properties, such as den-
sities of states, conductivities, etc.

The results of the present calculations are in good
agreement with the available experimental information.
Furthermore they provide reliable information on aspects
of t-GaAs that are not experimentally accessible, such
as the separate structure factors. A rather detailed pic-
ture of the atomic and electronic structure of the liquid

emerges. In particular we find that the low coordination
number, z 5.5, is to be related to the persistence of
predominantly covalent bonds, as characterized by the
presence of charge pileup in between pairs of atoms. At
variance with the crystal, these bonds change in time
due to the atomic diffusion. On the average, however,
almost 50% of the atoms of the first coordination shell
are bonded to the central atom, and correspondingly the
average number of bonds per atom is somewhat smaller
than 3 (to be compared to the value of 4 for the crystal).
Of these, almost 30% are between like atoms.

By comparing the results of this work to those of a
recent MD study based on pseudopotential-derived two-

body interatomic forces, we find a good agreement for
a number of species-averaged quantities, such as the to-
tal pair correlation function, the total bond-angle distri-
bution, and the electronic density of states. Important
differences occur, instead, for quantities which depend on
the spatial distribution of the two atomic species, such
as the partial correlation functions. At variance with our
results, the atomic arrangement is found to be chemically
random in Ref. 10. This is likely related to a difhculty of
the pseudopotential perturbation approach used in Ref.
10 at correctly describing the subtle chemical interactions
between the different species.

We have compared our results also with those of a re-

cent ab initio MD simulation for I Si 7Sev-era. l differences
between I GaAs and I--Si emerge, which are described in

some detail in the following. All these differences indicate
that the scattering in /-GaAs is stronger than in I-Si.

This paper is organized as follows. In Sec. II we give
a short discussion of the a,b initio method and present
the equations of motion used in this work. Since detailed
accounts of this method have already been given
we shall restrict our discussion here to a few points only.
Section III discusses more technical points, concerning
in particular the nonlocal pseudopotentials for Ga and

As, and their treatment within the scheme of Klein-
man and Bylander. i5 In Sec. IV we present our results for
the structural and electronic properties of liquid GaAs.
A short surrunary and our conclusions are given in Sec.
V.

II. EQUATIONS OF MOTION

The essential feature of the ab initio MD scheme is
that, for each ionic configuration (RI), the many-body
potential 4&[(RI)]—which defines the Born-Oppenheimer

(BO) potential-energy surface for the ions —is obtained
directly from the electronic ground state calculated using
accurate Hohenberg-Kohn-Sham density-functional (DF)
techniques. This is achieved by treating the atomic
coordinates (RI) and the electronic wave functions (g, ),
corresponding to occupied states, as dynamical degrees
of freedom of a fictitious classical system described by
the following equations of motion:

MIRI = —vR, E (2)

To solve Eqs. (I) and (2), the ground state Kohn-Sham
orbitals for (Rl(t = 0)), with velocities (Q, (t = 0)}equal
to zero, are taken as initial conditions for the electronic
degrees of freedom, i.e. , E is initially equal to 4. Some
energy transfer from the ionic to the electronic subsys-
tem will then take place. However, as far as the classi-
cal kinetic energy for the electronic degrees of freedom,
I&, = P, i

p f dr ~Q;~2 is much smaller than the ionic ki-

netic energy I&1 = Pr ~MI~RI~, electrons are very close
to the ground state, i.e. , E is very close to the BO sur-
face 4&, and Eq. (2) describes physical atomic trajectories.
Experience has shown that in insulators, by appropri-
ate choice of p, it is possible to make the time scale of
the energy transfer so long that no systematic deviation
from the BO surface occurs during typical MD simula-
tion times. In metals, vice versa, some energy transfer
on a relatively small time scale is found to occur for any
choice of p. In order to maintain the ions close to the BO
surface, one has therefore to perform periodic electronic
minimizations. Correspondingly, because of the energy
loss in the ionic subsystem, one should couple the ions

Here dots indicate time derivatives, My denotes atomic
masses, p is an adjustable parameter setting the time
scale for the fictitious electronic dynamics, A,

&
are La-

grange multipliers used to satisfy the orthonormality con-

straints on the Q, (r, t), and E[(g;), (Rr}] is the DF en-

ergy functional with the local-density approximation for
exchange and correlation, supplemented with the di-

rect ionic Coulomb repulsion.
E[(@;),(RI)] acts as the potential energy of the ficti-

tious system. The BO surface 4 corresponds to the min-

imum of E[(g,), (RI)] with respect to the "electronic
degrees of freedom" (g;):

c[(RI)]= min E[(Q;),(RI)] .
IO I
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~ ~

MI Ri ——7'R, E —Mi (S~/S )RI (4)

Q~s~ = s~ ) MI ~Rr ~
—s~g~kr(Teq+ Q~s~/s~)

I

(5)

to some external reservoir in order to maintain the tem-
perature at the required value. In this work the ionic
temperature is kept constant by using the scheme pro-
posed by Nose.

Following Nose, we couple all ions of a given type
n (n = Ga, As) to an extra degree of freedom s~, the
so-called "Nose's thermostat" (the use of a different ther-
mostat for each atomic species was found convenient to
reduce the equilibration time). We thus replace Eq. (2)
by the set of equations

gate gradients procedure.
Although, in principle, the value of Q is arbitrary,

too small Q values may give decoupling of s from the
physical system, whereas too large Q values lead to in-
sufficient sampling of phase space. Based on physical
considerations, Nose has suggested choosing ~

2g~ kII Teq

(Se &2

where ~ is of the order of the second moment of the fre-
quency spectrum of the velocity autocorrelation function
of the physical system. With this choice, the dynamics
of the variable s is on the same time scale as that of the
physical system. The values of Q used in this work are

Q = 1.15 x 10 a.u. (the same value is used for both
thermostats).

where Q~ can be thought of as the fictitious mass asso-
ciated with s, g is the number of degrees of freedom in
the physical system (g = 3N, N being the number of
ions of species n), k@ is Boltzmann's constant, and T,q
is the externally set temperature value. Note that Eqs.
(4) and (5) are written in terms of "real variables, "'s so
that the dots here indicate derivatives with respect to the
"real tim.e."

The coupled set of Eqs. (1), (4), and (5) lead to con-
servation of the energy of the extended system composed
by the electrons, the ions, and the thermostats, U,„, =
Ihe + Ki + E + 2 Q Q~(S~/S~) + Q g(ykIITeq lil S~.
However, as pointed out by Nose, ' U,„t is not a
Hamiltonian and Eqs. (1), (4), and (5) cannot be derived
from it directly. One can obtain instead these equations
following the procedure decribed by Nose for the case
of multiple temperature control variables. In particu-
lar one should assume that the ions are coupled to the
variables s, while the electrons have no thermal bath.

If the potential energy E in Eq. (4) is given by the BO
potential-energy surface CI, then, as shown by Nose, 's
Eqs. (4) and (5) lead to a canonical distribution in the
ionic phase space. To achieve this situation, one can
in principle perform an electronic minimization at each
ionic time step. This, however, would be very costly
and in practice it is not necessary because, using the dy-
namical equation (1), the electrons remain very close to
the ground state for many time steps. Thus the con-
ditions for the approximate sampling of the canonical
distribution remain valid also in this case. We found
that using a Verlet algorithm with a time step At=15
a.u. ( 3.6x10 Is sec), and the fictitious mass param-
eter of the electronic degrees of freedom @=7500 a.u. ,

it was sufficient to perform the minimizations every 200
At. Within this time scale, K, slowly increases up to

0.03 a.u. , corresponding to an "electronic tempera-
ture" T, = 2I~, /3NkII (X being the total number of
atoms) of 100 K, and thus much smaller than the equi-
librium temperature of the real system, 1600 I& (see
Sec. II). The periodic minimizations of the electronic de-
grees of freedom were performed using an efficient conju-

III. DETAILS OF THE CALCULATION

A. Pseudopotentials for Ga and As
and the Kleinman-Bylander scheme

In this work, the norm-conserving pseudopotentials
(NCPS) (Ref. 13) obtained by Bachelet et at I~ are e.m-

ployed for Ga and As, where ls2S2p3s3p3d states are
treated as core states. These pseudopotentials have the
form

(7)

where P~ is a projection operator onto the lth angular-
momentum component. We assume

Vp,
——v„r(I)+ ) Av(P(,

t=o
(9)

where b, v( = v( —v„r is zero outside the core. Since
the high-/ components of the wave functions have little
weight inside the core, the choice of vpgf is largely arbi-
trary. In Eq. (9), the first term on the right-hand side is

a local operator Vi „while the rest is the nonlocal (NL)
part, VNz, .

A few years ago, Kleinman and Bylander (KB) (Ref.
15) proposed a factorized form for the NL pseudopoten-
tials which reduces significantly the eA'ort of calculating
the NL pseudopotential elements. In the KB scheme the
pseudopotential is written as

(10)

where 4t are atomic pseudo-wave-functions correspond-
ing to the pseudopotential of Eq. (7).

l(V)I= Vref(&) fOr I & lmaxi

where v, iis ea reference potential, usually the I = 2 term
of Eq. (7) for sp-bonded systems. Equation (7) then be-
comes
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The KB scheme is computationally very convenient,

especially when used within iterative schemes, as the one

defined in Eq. (1).2~ ~2 However, as dicussed in detail by
various authors, it is found that the accuracy of the
scheme depends strongly on the choice of the reference
function in Eq. (9). In the following we shall present the
results of several tests aimed at finding an appropriate
reference potential for the KB scheme in GaAs.

t. Testing the I&8 scheme for c-GaAs

Our tests were performed on crystalline GaAs (c-
GaAs). For a given choice of the reference potential of Ga
and As, we calculated the energy eigenvalues within the
Kohn-Sham local-density approximation (LDA) (Ref. 17)
by using both the standard unfactorized formula2s (we
denote these results as "exact") and the factorized KB
expression (10). The k points in the first BZ used to rep-
resent the charge density within the Hohenberg-Kohn DF
scheme are those which fold into the I' point of the cubic
supercell of 64 atoms used in our subsequent calculations
for the liquid (see Sec. IIIB). Very similar eigenvalues
are obtained with a converged set of special k points.
We used for the wave functions a plane-wave (PW) rep-
resentation with an energy cutoff of 14 Ry ( 140 PW's
per atom), which yields reasonably well-converged energy
eigenvalues. ' Given this choice for the wave functions,
we found that a cutoff of 14x 1.58 Ry=22. 12 Ry was sufFi-

cient to represent very accurately the charge density and
the potential.

We tested two different reference potentials, i.e. ,

v f — v2 (y (d potential) and vr@f o — u] ~ (p po-

tential), where cr = Ga, As. In the first case VNL =
Avp Pp + Evy Py (we denote it as sp-NL) whereas in the

second case VNr,
——Avp Pp + b, v2 P2 (we denote it as

sd-NL). Our results are given in Table I.
From Table I, we can see that, unlike the "exact" re-

sults, the KB scheme is quite sensitive to the choice of
the reference potential. In particular, it appears that
while the ICB scheme with sd-NL agrees quite closely with
the exact results, in the sp-NL case the KB eigenvalues
deviate appreciably from the exact ones. In the latter
case, the most important difference occurs for the first
conduction band, and in particular for the energy gap
between the valence and conduction bands (I'q —I'qs),
which is only 0.25 the value of the exact one. (Of
course, the exact itself is smaller than the experiment, as
usually found in DF calculations. ) This large underesti-
mate of the gap may have consequences whenever devia-
tions from perfect crystalline order occur, and therefore
the choice of sp-NL within the KB scheme should be
avoided for GaAs.

A further choice for the reference potentials is sug-
gested by Fig. 1. Here we show the NL terms of the pseu-
dopotential, vt, for Ga and As. It is evident that the
v2(r) and vq(r) potentials for Ga are quite close. Thus,
we take approximately v2 vq for Ga, i.e., we treat Ga as
s-NL but As as sp-NL. The energy eigenvalues obtained
with this choice of the reference potentials are listed in
Table II. It appears that the KB results are quite close to
the exact ones. (The difference between the exact results
of Tables I and II should be related to the different poten-
tial for the Ga d electrons: this is more attractive in the
case of Table II.) This choice, which has the advantage of
being rather accurate and computationally convenient, is
the one which we shall adopt in the following.

The effect of the different forms of NL pseudopotentials
can be illustrated by the calculated lattice constants of
c-GaAs. The lattice constant, computed employing s-

TABLE I. Energies (in units of eV) at some selected k points for c-baAs, obtained by the
"exact" and the KB scheme. The sixth column reports experimental results (Ref. 26).

exact

—12.56
0

0.62
3.75

sp-NL
KB

—12.69
0

0.15
3.77

exact

—12.55
0

0.63
3.75

KB
—12.55

0
0.72
3.76

Expt.
—13.1

0
1.42

Xg
X3
Xg
XI
X3
Xg

Lg

lg
1.3
Lg

L3

—10.14
—6.72
—2.59
1.41
1.61

10.15

—10.90
—6.54
—1.09
1.03
4.62
7.68

—10.13
—6.79
—2.57
1.03
1.46
10.16

—10.94
—6.57
—1.08
0.54
4.62
5.26

—10.13
—6.72
—2.59
1.41
1.61
10.16

—10.89
—6.54
—1.09
1.04
4.62
7.70

—10.13
—6.72
—2.58
1.43
1.62
10.17

—10.89
—6.53
—1.09
1.08
4.62
7.71

—10.75
—6.70
—2.80
1.81
2.38

—11.24
—6.70
—1.30
1.72
5.41
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I I I I I 2. Using the KB scheme for ab initio molecular dynamics

-2

-4
0 2 3

r (a.u.)

FIG. 1. NL terms of the pseudopotential for (a) Ga and

(b) As (Ref. 14). The solid, dashed, and dotted curves corre-
spond to s, p, and d potentials, respectively.

NL for Ga and sp-NL for As, is 10.35 a.u. , i.e. , 3%
smaller than the experimental value [10.68 a.u. (Ref.
28)j, whereas if both Ga and As are treated as sp-NL
the lattice constant is 10.45 a.u. , i.e. , 2% smaller than
the experiment (the same results are found both with
the exact and the KB schemes). We see no essential
diA'erence.

A drawback of using the KB potential within the ab
initio MD scheme is that an instability is sometimes
found in the numerical solution of the equations of mo-
tion (1).29 More precisely, it turns out that the time step
Et must be restricted to very small values for a correct
numerical integration of the equations of motion. This
makes the calculations more costly and somehow offsets
the advantages of the KB scheme.

Such an instability appears to be related to the denom-
inator of Eq. (10). Other instabilities of the KB scheme
which may be caused by the small value of this denom-
inator, e.g. , the occurrence of "ghost" states, have been
discussed in the literature. 3 The instability that we
have found, although of similar origin, is more directly
related to the use of the KB potential within the iterative
scheme of this work, and has not been discussed previ-
ously. In our case, as described in Sec. II, H@ works as
the force on the electronic degrees of freedom. If one or
more denominators in the KB formula happen to be very
small, some forces will become very large in magnitude,
so that a very small At is needed. This case happens
indeed for As when we use v~ or vq as the reference po-
tential.

The justification of the KB scheme is based on the fact
that when the KB-NL pseudopotential acts on a state 4
equal to the atomic state C &, it is equivalent to the exact
one

C,c & @u

In our calculations, the state 4 is given in terms of a
truncated PW expansion, i.e. ,

TABLE II. Energies (in units of eV) of c-GaAs at some se-
lected k points using sp-NL for As and only s-NL for Ga. The
three columns refer to three different treatments of the NL
pseudopotential. The symbol in parentheses denotes which
wave function is used in the KB formula.

G ma. x

4(r) = ) cue'
a=o

(12)

Xg
X3
Xg
Xg
X3
Xg

Lg

Lg

L3

L3
Lg

exact
—12.32

0
0.86
3.94

—9.96
—6.52
—2.38
1.44
1.64
10.30

—10.70
—6.32
—0.97
1.19
4.64
7.85

KB(4, )
—12.30

0
1.09
3.95

—9.96
—6.53
—2.38
1.49
1.65
10.20

—10.70
—6.32
—0.96
1.28
4.64
7.83

KB(C(~)
—12.28

0
1.01
3.95

—9.95
—6.53
—2.39
1.47
1.65
10.21

—10.68
—6.33
—0.97
1.25
4.64
7.84

It appears that in order to satisfy the equality (11), the
function C& appearing in the KB factorized potential
must be changed consistently to C &, which is obtained
by truncating the PW expansion of C &, i.e. ,

&max

(13)

We found that when this is done, the "instability prob-
lem" mentioned above is also largely removed. In our cal-
culations, for instance, the value of the time step At for
the integration of Eq. (1) could be increased by a factor
3 by this change (leaving the electronic fictitious mass lj:

unchanged). In the third column of Table II, we report
selected eigenvalues of c-GaAs calculated using the KB-
4 scheme. It appears that the comparison with both the
KB using true atomic states and the exact scheme is very
favorable.
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B. MD cell and preparation of the liquid

A cubic MD cell containing 64 (32 Ga and 32 As) atoms
with periodic boundary conditions is used. The cell size is
chosen as 20.864 a.u. , giving the experimental density at
the melting point, p 5.71 gr cm . The electronic wave
functions at the I' point in the first BZ are expanded in
PW's with a kinetic-energy cutoR'of 14 Ry, corresponding
to more than 8000 PW's per state The NCPS discussed
in the previous section ~ are used together with the
factorized form of Kleinman and Bylander of the nonlocal
pseudopotentials. Due to the reason explained above
(Sec. II A), s nonlocality for Ga and sp nonlocality for
As are adopted.

To prepare the liquid, the atoms are initially arranged
in a zinc-blende crystal structure with some random dis-
placements, The temperature of the system is gradually
raised (by rescaling the ionic velocities) up to 3000 K, un-
til the mean square displacement shows the diffusive be-
havior typical of a liquid. The temperature is then grad-
ually reduced to 1600 K, somewhat above the experi-
mental melting point 1511 K. The system is equilibrated
at this temperature for a few thousand time steps, after
which statistics is collected for 4800 time steps ( 1.72
ps). The rms temperature fluctuation during the run is
LT 200 K.

IV. RESULTS AND DISCUSSION

A. Structural properties

bGaSGaGa(k) + 2bGabAsSGaAs(k) + bA, SAsAs(k)

~G. + ~A.

(16)

SA~(k) = —& ¹(k)N(k) &,
1

(17a)

Scc(k) = N & C'(k)C(k) &,

Sivc(k) = Re & N'(k)C(k) &,

(17b)

(17c)

where N(k) and C(k) are the Fourier transforms of the
local fluctuations of the number density

where bG ——7.2 and bh, ——6.7. The comparison for the
structure factor S(k) is shown in Fig. 2. It appears that,
although the calculated S(k) is somewhat noisy because
of the limited statistics, the agreement between theory
and experiment is quite good. In particular, the theoret-
ical curve reproduces well the width of the first peak of
S(k), which, as in I-Si and l-Ge, is very broad in com-
parison with that of most liquid metals. However, finer
details of the experimental curve, such as the shoulder of
the first peak at high k's, are not described as well. The
small shift of the calculated S(k) to higher k-value with
respect to the experiment is due to the theoretical under-
estimate of the Ga—As equilibrium bond length which
was mentioned in Sec. II.

In Fig. 3 we show the partial structure factors of Bhatia
and 'I'hornton, defined as

From the ionic coordinates of the configurations col-
lected in the simulation, we obtain the so-called Asfcroft
and Langreth (AL) partial pair correlation functions

g p(r) and structure factors S~p(k) (n = Ga, As; P =
Ga, As), defined assP

&p(r) = p(r) p

and the concentration

Ac(r) = c(r) —c,

(18)

(19)

CpPg~p(P)

& ) ) b(r —(R r —Rpg)) & —b pb(r),
I=1 J=1

(14)

respectively. From Fig. 3, it appears that SAiiv(k) is very
similar to S(k) of Fig. 2, and SGc (k) has a broad peak at

1.8 A. , i.e. , at about half of the position of the first
peak of aviv(k), revealing a tendency to an alternative
arrangement of atoms, although this is not as pronounced

p(k)

= (N Np) '~ & ) ) exp( —ik. (R I —Rpg)) &
I=1 J=1

(N Np)'i bk p, — (15)

where N is the number of cs-type atoms and c~ = N /N
is the corresponding number concentration.

To compare our results with the neutron-scattering
experiment, i we combine the partial S p(k) with the ex-

perimental neutron-scattering lengths b as follows:

0 ~- i l I l ~ I s I ~

0 8 84 6
k (A')

10

FIG. 2. Structure factor of /-GaAs. Solid line, calculated
curve; dashed line, neutron-scattering resu1ts (Ref. 1).
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s

0 ~C

I I I ~ I I I s

0 2 4 8 8() 10

FIG. 3. Number-concentration structure factors Sl q

(I J = E, C). Solid line, S~N, dotted line, Scc; dashed
line, Spy'.

as that in a pure ionic system.
Better insight into the structure of the liquid is pro-

vided by the pair correlation function g(r) In Fig. .4(a),
the experimental g(r), which was obtained by Fourier
transformation of the experimental S(k), and our result
are shown. This is obtained by weighting the partial

g p(r) w—hich are calculated directly in r space —with
the b~'s, in a way similar to that of Eq. (16). A no-
ticeable feature of both curves in Fig. 4(a) is the almost
complete absence of structure beyond the first neighbor
peak. This feature is usually attributed to noncompact
structures, since in these systems the structure is not
"nested" shell by shell. It also appears that, in spite of
an inward shift which corresponds to the outward shift

in S(k), the theoretical peak reproduces quite well the
height and width of the experiment. From the area be-
low the first peak of g(r), one can estimate the average
coordination number z in the liqui . y

'
g8 fit tin the first

ereas bpeak with two Gaussians, we find z = 5.0, w ereas y
direct integration of 4xpr~g(r) up to the first minimum

3 26 A we find z = 6.3. The correspondingat rmI~ . , We

experimental value is z = 5.5+ 0.5, the incertitude being
related to the procedure used to analyze the first peak.
An overall good agreement with the experimental g(r)
was recently obtained also by Hafner and Jank. Their
calculated g(r), however, is more structured beyond the
first peak, indicating an overestimate of medium-range
correlations.

The calculated partial pair correlation function g~p(r)
is sho~n in Fig. 4(b). As discussed in the Introduction,
experimental results for these quantities are not available,
although in principle they can be obtained by scattering
through isotopic substitution. In strongly ionic systems,
such as molten salts, peaks and minima of g p(r) for like
atoms are out of phase with respect to those of unlike
atoms, reflecting the characteristic alternation of cation
and anion shells. This is not the case in Fig. 4(b), in-
dicating a prominent covalent character for the binding
in I-GaAs. By integrating g~p(r) to r~;„, we find that
each Ga/As has on the average 2.6/2. 2 and 3.9 neighbors
of the like and unlike species, respectively. Although the
probability of finding a like atom in the nearest-neighbor
shell of one atom is appreciable, the As-Ga correlations
are clearly dominant. This is at variance with the chem-
ically random atomic distribution obtained in Ref. 10.

B. Dynamical properties

The dynamical properties of the liquid are wewell de-
scribed by our simulation. The dift'usion coefBcients of
Ga and As can be evaluated from the large t behavior of
mean square displacements by the Einstem relation

o o D = lim ( r & /6t (20)

3
(b)

as DG, —— 1.6 x 10 cm s and DA, —— 1.2 x
10 cm s respectively. The same value is obtained)

from the integral of the autocorrelation function of the
atomic velocity

& V(t) V(t + s) &

(V(t) V(t) &
(21)

I s

0 1 2 3 4 5 8

r (L)

The experimental value, which does not distinguish be-
tween the two diA'ere nt species, is 1.6 x
10 cm s 'atT 1550K.

The vibrational density-of-states spectrum D(v) is ob-
tained by Fourier transformation of Z(s), i.e. ,

D(v) oc Z(t) cos(2irvt)Ct,
0

and is shown in Fig. 5. A shoulder occurs at about v —4
THz which should be related to the optical phonon peak

FIG. 4. (a.) Pair correla, tion function g(r) Sohd iine, cal-.
culated curve; circles, expenmental results. Parti@ cor-
relation functions. Solid line, Ga—As; dashed line, As—s;
dotted line, Ga—Ga.
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FIG. 5. Vibrational density of states. The unit for D(v)
is arbitrary.

in the crystal. This value is v 8 THz at zero temper-
ature. As temperature rises, it will shift to lower value.
Unfortunately no experimental data near the melting
point seem available.

C. Covalent (weakly ionic) bonds
and broken bonds

The value of z in I-GaAs is much lower than that of
most liquid metals, and even lower than that in I-Si and
I-Ge. Such a low coordination suggests that covalent
bonds similar to those of c-GaAs may still be present
in the liquid. To investigate this question, we have per-
formed an extensive analysis of the charge distribution,

which in the ab initio MD scheme is generated together
with the atomic trajectories. In Fig. 6 we show contour
plots of the charge density for a few typical configura-
tions of the liquid, as compared to the charge density
[in a (110) plane] of c-GaAs. It appears that covalent
(weakly ionic) bonds are indeed formed provided the in-
teratomic distance d is below some value d, , which we
approximately ~~™'e's ",„2.65 A. , i.e. , 10%
larger than the equilibrium bond length for c-GaAs (we
assume the same d, „ for all types of bond, although the
average As-As separation is found to be slightly larger
than the Ga-As and Ga-Ga ones). By integrating g(r)
up to d, „we obtain that the average number of bonds
formed by each atom is 2.9, implying that about 50'%%uo

of the atoms within the first coordination shell of radius
r~;„are, on the average, bonded to the central atom. A
similar type of analysis applied to I-Si shows that only
—30'%%up of the atoms of the first coordination shell form
bonds with the central atom.

The occurrence of bonds in I-GaAs is confirmed by the
behavior of the bond-angle distribution (AD). Figure 7
shows the total AD calculated using two diA'erent values
of the cutoA distance R„namely R, = r,„and R, =
d, , (dashed line). A significant difference between the
two curves is remarkable. It appears that the curve with
R, = d,o„has a pronounced peak at 0 109', i.e., the
bond angle of c-GaAs, whereas for the curve with R, =
r~;„ the peak has become broader and shifted to 0
100', while at the same time a second feature at 8 54'
has emerged. The latter corresponds to configurations
where at least one atom within r~,„ is not bonded to the
central one.

charge-density contour plots for several bonding con-
figurations in the liquid are shown in Fig. 8, including
"crystal-like" configurations such as (a) and (d), wrong
bonds such as in (b) and (e), and three-atom "clusters"
as in (c) and (f). The "crystal-like" configurations of
type (a) and (d) are the prominent configurations, but
configurations like (b) and (e) also occur frequently. We
find statistically that about 18 and 9% of the total num-

1.5
Ct

1.0-

FIG. 6. Contour plots of the valence electronic-ch arge
density. Small and large dots denote Ga and As ions, re-
spectively. (a) Charge density in the (110) plane of c-GaAs
(bond length d, = 2.45 A). (b), (c), and (d) are some se-
lected configurations of the liquid. In (b), both As atoms
form bonds with the Ga atom at the center (bond distances:
di d2 = 2.14 A). In (c) the As atom bonds to the Ga on the
left (di = 2.21 A) while it does not form a bond with the Ga
at the bottom (dq = 2.70 A). In (d) the Ga atom does not
form bonds with either As atom (di ——3.22 A, d2 ——2.81 A).

0.5—

0.0
90
8 (deg)

180

FIG. 7. Total bond-angle distribution calculated using
two diBerent values of the cutoff distance B„R,= r-;„(s lido

line) and 8, = d,» (dashed line). The vertical arrow denotes
the value of the tetrahedral angle, 109'.



42 ATOMIC STRUCTURE AND BONDING IN LIQUID GaAs FROM. . . 5079

I
(

l
t

I
)

I
)

I

EF

FIG. 8. Contour plots of the valence electronic-charge
density in l-GaAs for different atomic configurations: (a) Ga-
As-Ga; {b) Ga-Ga-As; (c) Ga;Ga-Ga; (d) Ga-As-Ga; (e) As-

As-Ga; (I) As-As-As. The small and large dots denote Ga
and As ions, respectively.
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ber of bonds are Ga—Ga and As—As, respectively. The
probability of the "three-atom cluster" configurations (c)
and (f) is instead significantly lower ( 4 and 2'%%uo, respec-
tively). "Clusters" with atoms larger than 4 only occur
occasionally.

The charge-density plots in Fig. 8 also show that the
Ga—As bond in the liquid is weakly ionic, as in the crys-
tal. The Ga—Ga bond shows a small pileup of charge
at the center, similar to that observed in orthorhombic
c-Ga.s4 Finally, the As—As bond is dominated by p elec-
trons as found in c-As.ss Correspondingly, we find that
the partial AD for AsGaAs is peaked at 105', i.e. ,

rather close to the tetrahedral angle of 109', and that
for AsAsAs has a sharp peak at 95', i.e. , rather close
to the bond angle in pure I-As (Ref. 36) or c-As.ss In
contrast, the AD's for configurations such as GaAsGa
and GaGaGa are found to be quite flat, suggesting weak
interactions between the endpoint Ga atoms.

J

, C, &-r-t-;~
-14 -12 -10 -8 -6 -4 -2 0

E(eV)

FIG. 9. Upper panel, electronic density of states D(E);
middle panel, D, , o( E) (solid line) and Dz,o~(E) (dash-
dotted line) from s and p states centered on Ga atoms; lower

panel, same as above for As. The vertical arrow denotes the
position of the Fermi energy. The energy resolution of the
histograms is 0.27 eV.

similarity of the density of states of the liquid to that
of c-GaAs (Ref. 37) is visible. Also in the liquid, for
instance, there is at low energies, between —12 and

—8 eV, the band of s-like states originating from the
As atoms, while the band between —8 and —4 eV
is dominated by bonding states between Ga-s and As-

D. Electronic properties

%e calculate the single-particle density of states and
the electrical conductivity by averaging over 12 different
ionic configurations (Rij. The lowest 256 Kohn-Sham
states at I' are used for each set of (R,i), i.e. , twice the
number of occupied states. These are found to give a
good description of the spectrum up to 5 —6 eV above
the Fermi energy. They are calculated using a conjugate-
gradient minimization procedure similar to that used to
determine the ground state.

In Fig. 9 we show the density of states D(E) of l-

GaAs, together with the partial contributions D, (E)
and Dz (E) of s and p states centered on As and Ga
atoms. The latter have been obtained by expanding our
P W basis set into spherical waves centered on the various
atoms, with a cutoff radius of 3 a.u. (results do not
change for reasonable variations of this value). Some

Q
!
t .5—
C)

0
0

I

4
h~ (eV)

FIG. 10. Electrical conductivity ir(~). Solid line, calcu-
lated curve; dashed aud dotted lines, Eq. (24) with different
values of crii and r (see text). The horizontal arrow indicates
the experimental value of the dc conductivity. The energy
resolution of the calculated curve is 0.18 eV.
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p states. In the liquid, however, D(E) is finite at the
Fermi energy E~ within our energy resolution (AE =
0.01 a.u. = 0.27 eV is used for the histograms in Fig. 9),
thus indicating that the liquid is metallic, in agreement
with the experimental transport data. (Obviously, for

any fixed ionic configuration, there is a small, yet finite

energy gap between filled and empty states, since our
energy eigenvalue spectrum is discrete. )

The general features of the density of states in Fig.
9 were found to be substantially the same for all the
different instantaneous ionic configurations that we have

studied, which indicates that these are all equilibrium
configurations and provide a representative sample of the

I

liquid. This also suggests that the size of the system (64
atoms with periodic boundary condition) that we use to
represent the liquid is sufficiently large. In such a situa-
tion, using the I' point only to calculate D(E) should be
justified. This is also confirmed by the qualitative agree-
ment between our results and the 4-k-points calculation
by Hafner and Sank, except for their additional band
of very-low-lying Ga states, whose origin seems unclear.
As compared to the density of states for /-Si, our D(E)
for I-GaAs appears more structured.

In Fig. 10, we show the electrical conductivity a'(u)
calculated as the configurational average of the following
Kubo-Greenwood formula:~

OCC U11OCC

&(~, (Rr)) =
3& ):) .).I & 0 IP I 0 & I'b(E —E —"~), (23)

O'p()=, (24)

where the relaxation time 7 is related to the value op of
the static conductivity by

mo. o

ne2
(25)

m and n being the mass and density of the carriers,
respectively. Using the experimental value of op, the
free-electron mass, and the density of valence electrons
n = 1.9 x 10 cm, we obtain r = 1.5 x 10 s. Al-

though no experimental value of 7 is available for /-GaAs,
a value of the same order of magnitude, r = 2.2 x 10
s, has been measured in /-Si. 4i Equation (24), with

op ——7900 Q cm and 7 = 1.5 x 10 s, is plot-
ted as the dashed curve in Fig. 10. Significant differ-
ences between this curve and our calculations are evi-
dent. A somewhat better agreement between our results
and the Drude expression can be obtained by treating

where occ and unocc denote filled and empty states,
respectively (a sharp Fermi surface is assumed here, but
we have checked that our results remain basically un-

changed when Fermi occupation factors are introduced),
and p is the n (n = z, y, z) component of the momen-
tum operator. We remark that the use of Kohn-Sham
states to evaluate Eq. (23) is not well justified, ss and
thus introduces an additional approximation, besides the
neglect of nonadiabatic effects implicit in the use of BO
states. In addition, in Eq. (23) the corrections to the rno-

mentum matrix elements introduced by the nonlocality
of the ionic pseudopotentials are neglected. The calcu-
lated value 7500 0 cm of the static dc conductiv-

ity, obtained by extrapolating o(u) to zero frequency, is

in remarkable agreement with the experimental value of
7900 0 cm . However, due to the several approx-

imations of our calculation, such a good agreement is to
some extent fortuitous.

In the classical Drude model, the real part of the con-
ductivity is

o'o and r in Eq. ('24) as independent fitting parameters
(see dotted curve in Fig. 10). From the fitting we obtain
o'p ——9400 0 cm and r = 1.5 x 10 s. Using this
value of r, and the free-electron expression I = hk~r/m
for the mean free path, we find that the ratio I/a, where

a is the average interparticle spacing, is I/a 1, indi-

cating a strong scattering behavior. 4~ In /-Si the ratio
1/a, estimated in a similar way, is somewhat larger, i.e. ,

I/a -17~'

V. SUMMARY AND CONCLUSIONS

In this paper we have presented the results of a first-
principles MD simulation of liquid GaAs. In agreement
with experiments, we have found that the liquid is metal-
lic, with a coordination number between 5 and 6. From
an extensive analysis of the electronic-charge density, we

have shown that such a value of z, which is quite low

as compared with that of most liquid metals, is related
to the persistence of some covalent —weakly-ionic bond-
ing effect in the liquid. On the average, almost 50%%uo

of the atoms of the first coordination shell are found to
form bonds with the central atom. We have also inves-
tigated chemical ordering effects, and found that wrong
bonds between like atoms have a rather high probability

( 27%%uo), but clustering is unlikely.
At; variance with the crystal, these bonds have a finite

lifetime caused by atomic diffusion. Whenever two atoms
come sufficiently close to one another, a bond may be
formed, which subsequently becomes weaker and finally
disappears when the two atoms diffuse away. Similar
bonding effects have been detected also in a recent ab
initio molecular-dynamics simulation of l-Si." For l-Si,
however, the fraction of atoms in the first coordination
shell which are bonded to the central atom is only 30%%uo.

This fact, together with the higher value of z, suggests
a stronger metallic-like character of /-Si, as compared to
I-GaAs.

The persistence of bonds similar to those of c-GaAs in
the liquid is indicated by several other properties, such
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as the bond-angle distribution, or the electronic single-
particle density of states. The latter, for instance, is
rather structured, and shows several features which are
clear remnants of those in c-GaAs, such as the As-derived
band of s-like states at the bottom of the valence band.
Similarly, the optical conductivity of I-GaAs shows devia-
tions from Drude-like behavior at low energies. The ratio
l/a between the mean free path and the average interpar-
ticle spacing, estimated within a free-electron model, is

1, which indicates a strong scattering situation. Better
agreement with a Drude-like behavior is obtained for I-

Si, and correspondingly l/a has a somewhat larger value,
1.7. Some of these differences are likely to be related to

the partial ionicity of the Ga—As bond, which is respon-

sible, among others, for the wider average energy gap of
c-GaAs with respect to that of c-Si.
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