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Using an interaction potential scheme, molecular dynamics~MD! simulations are performed to
investigate structural, mechanical, and vibrational properties of Ga12xInxAs alloys in the crystalline
and amorphous phases. For the crystalline phase we find that:~i! Ga–As and In–As bond lengths
vary only slightly for different compositions;~ii ! the nearest-neighbor cation–cation distribution has
a broad peak; and~iii ! there are two nearest-neighbor As–As distances in the As~anion! sublattice.
These MD results are in excellent agreement with extended x-ray absorption fine structure and
high-energy x-ray diffraction data and also withab initio MD simulation results. The calculated
lattice constant deviates less than 0.18% from Vegard’s law. The calculated phonon density of states
exhibits a two-mode behavior for high-frequency optical phonons with peaks close to those in
binary alloys~GaAs and InAs!, which agrees well with a recent Raman study. Calculated elastic
constants show a significant nonlinear dependence on the composition. For the amorphous phase,
MD results show that:~i! the nearest-neighbor cation–anion distribution splits into well-defined
As–Ga and As–In peaks as in the crystal phase;~ii ! the cation–cation distribution is similar to that
in the crystal phase; and~iii ! the As–As distribution is quite different from that in the crystal, having
only one nearest-neighbor distance. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1601691#
or
r
s
d

r

ra
in
d
-
a
os

ser

is
w

f

es is

Å
ne

-
re-

al-
I. INTRODUCTION

Semiconductor pseudobinary alloys with chemical f
mula A12xBxC(0<x<1) have drawn much attention fo
their interesting properties and their possible application
optoelectronic devices. These alloys form a zinc-blen
structure in the entire composition range, 0<x<1, where
componentC is arranged in a fcc sublattice~anion sublat-
tice!, and componentsA and B are distributed over anothe
fcc sublattice~cation sublattice! displaced from the first one

by ( 1
4

1
4

1
4). For bulk materials synthesized at high tempe

tures,A and B components are randomly distributed with
the cation sublattice, although they can be ordered un
specific growth conditions.1 When a completely miscible so
lution is obtained, for random cation distributions, physic
properties may be varied continuously across the comp

a!Electronic mail: priyav@usc.edu
3840021-8979/2003/94(6)/3840/9/$20.00
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tion range. For example, the wavelength of a solid-state la
made of Ga12xAl xAs can be tuned by changingx.

A particularly interesting pseudobinary alloy
Ga12xInxAs, which has a simple zinc-blende structure at lo
pressures. This alloy closely follows Vegard’s Law,2 which
states that the average lattice parameter,d(x), of the alloy is
a linear function of the compositionx, i.e., d(x)5(1
2x)dAB1xdAC , (dAB anddAC are the lattice parameters o
the pure binary alloysAC and BC). Consequently, the
weighted average of the nearest-neighbor atomic distanc
;A3a/4 ~a is the lattice parameter of the alloy!. The bond
lengths in the binary alloys vary significantly from 2.448
in GaAs to 2.623 Å in InAs. Extended x-ray absorption fi
structure~EXAFS! and x-ray measurements3,4 indicate that
this large lattice mismatch (;7%) is accommodated by lo
cal bond distortions while the zinc-blende structure is p
served. Recent studies on otherA12xBxC semiconductors
alloys found that the cation–anion bond lengths remain
0 © 2003 American Institute of Physics
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most the same as those in the pure binary compounds du
local bond distortions. This apparently contradicts the virt
crystal approximation, which explains the structural disor
of the alloys assuming an average crystal, where all the
oms are distributed over one zinc-blende lattice with the
tice parameter calculated from x-ray diffraction data.5

Vibrational properties of Ga12xInxAs alloys are complex
as well and not well understood. Infrared measurements
Brodsky et al.6 indicated a mixed-mode behavior, in whic
the high-frequency optical phonons are characterized b
single broad peak. However, in a recent Raman-scatte
study, Groenenet al.7 observed a two-mode behavior,
which the high-frequency optical modes have two disti
peaks corresponding to GaAs and InAs optical phon
modes. The vibrational properties of similar alloys, e.
GaxAl12xAs, were also studied computationally based
lattice dynamics, where supercells were used to study
effects of disorder on the spectra.8 It was shown that the
phonon dispersions are well defined, despite lattice distor
and the absence of periodicity.

In this article, we report classical andab initio molecu-
lar dynamics~MD! simulations of Ga12xInxAs alloys. We
have investigated the structural, mechanical, and dynam
properties of these alloys in the composition ranging fr
x50 ~GaAs! to 1 ~InAs! for both the crystalline and amor
phous phases. This article is organized as follows: In Se
we discuss the interatomic potentials used in the class
MD study of the alloys, and in Sec. III we summarize t
MD method. The preparation of the crystalline and am
phous states and details of the simulations are describe
Sec. IV, and theab initio simulations are explained in Sec. V
In Sec. VI we discuss the MD results and compare them w
available experiment data, and finally, conclusions are gi
in Sec. VII. A short letter discussing some of these res
was published in the journal of Applied Physics Letters.9

II. INTERATOMIC POTENTIAL SCHEME

The interatomic potential model encodes interactio
among all the atoms, and thus is the essential ingredien
molecular dynamics simulations. Our interatomic poten
for Ga12xInxAs alloys is an interpolation of those for binar
alloys,10 which consist of two- and three-body terms,11

V5(
i , j

N

Vi j
(2)~r i j !1 (

i , j ,k

N

Vjik
(3)~r i j ,r ik!, ~1!

whereN is the number of atoms,r i j 5ur i j u, r i j 5r i2r j , and
r i is the position of theith atom.

The two-body term represents steric repulsion, Coulo
interactions due to charge transfer, induced charge–di
interaction due to large electronic polarizability of the a
ions, and van der Waals~dipole–dipole! interaction:

Vi j
(2)~r !5

Hi j

r h i j
1

ZiZj

r
e2r /r 1s2

1/2~a iZi
21a jZj

2!

r 4
e2r /r 4s

2
wi j

r 6
, ~2!
Downloaded 02 Sep 2003 to 128.125.8.179. Redistribution subject to A
to
l
r
t-

t-

y

a
g

t
n
,
n
e

n

al

II
al

-
in

h
n
s

s
of
l

b
le

-

where Hi j and h i j are the strength and exponents of t
steric repulsion,Zi the effective charge,a i the electronic
polarizability, r 1s and r 4s the screening constants for th
Coulomb and charge–dipole interactions, andwi j the
strength of the van der Waals interaction. The three-bo
term represents covalent bond bending and stretching:

Vjik
(3)~r i j ,r ik!5Bi jk expS j

r i j 2r 0
1

j

r ik2r 0
D

3
~cosu i jk2cosu0!2

11Ci jk~cosu i jk2cosu0!2
~r i j ,r ikr 0!,

~3!

whereBi jk is the strength of the three-body interaction,r 0

the cutoff radius,j andCi jk constants to adjust the stretchin
and bending terms, andu i jk the angle formed byr i j andr ik .
u0 in the case, of GaAs and InAs is the tetrahedral an
109.5°, with cosu0521

3.
This interatomic potential model has been successf

applied to a number of ceramics such as SiO2 ,11

Si3N4 ,12–16 SiC,17 Al2O3 , and AlN, and semiconductor
such as GaAs,18 InAs,19 CdSe, SiSe2 ,20,21 and GeSe2 .22 In
the present work, we use this model with the parame
optimized to reproduce selected experimental data for G
and InAs.23 Our fitting database includes crystalline lattic
constants, cohesive energies, elastic constants, melting
perature as well as structural transition pressures, pho
density of states, and neutron-scattering data for crystal
and amorphous structures. The potential parameters for
binary alloys, GaAs and InAs, are given in Tables I and

For Ga12xInxAs the potentials for GaAs and InAs ar
interpolated in such a way that the resulting potential
pends on the local chemical environment.24,25 This is
achieved by applying the following rules:

~i! The two-body potential between different cations
the average of the cation–cation interatomic potentials in
pure alloys,

TABLE I. Constants in the interaction potential for GaAs. Unit of lengt
energy is Å/Joule . Z is the effective charge in ‘e’ units, anda the electronic
polarizability, which has dimension of volume, Å3. H is the repulsive
strength, theh parameters are repulsive exponents, w the van der W
strength, and r1s and r4s the screening constants. The others constants per
to the three-body part of the interaction potential, where B is the stren
and C,j, r0 , andu are defined by the three-body potential equation.

Z a

Ga 0.9418 0.0
As 0.9418 2.0

H h w r1s r4s

Ga-Ga 1.4747310216 7.0 0.0 5.0 3.75
Ga-As 6.5111310216 9.0 58.916310218 5.0 3.75
As-As 4.4683310216 7.0 0.0 5.0 3.75

B C j r0 u

Ga-As-Ga 7.9310219 20.0 1.0 3.8 109.47122
As-Ga-As 7.9310219 20.0 1.0 3.8 109.47122
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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VGa2In5
VGa2Ga1VIn2In

2
. ~4!

~ii ! The two-body interatomic potential between As a
oms is an interpolation of the As–As potentials in the pu
alloys. Since the first-neighbor shell of an As atom in t
zinc-blende structure consists of 42m Ga andm In atoms,
there are five possible first-neighbor configurationsm
50, 1, 2, 3, 4) for the As atom, see Figs. 1~a!–1~c!. Accord-
ingly, the potential between two As atoms is a linear com
nation of the As–As potential,vAsAs

(0) , in GaAs and that,
vAsAs

(1) , in InAs,

vAsAs
(m,n)5S 12

m1n

8 D vAsAs
(0) 1

m1n

8
vAsAs

(1) , ~5!

wherem andn are the number of In neighbor atoms for th
two As atoms, respectively.

~iii ! The three-body interatomic potentialVGA2As2In is
the average of those in the pure alloys,

VGa2As2In5
VGa2As2Ga1VIn2As2In

2
. ~6!

All the other potentials are identical to the correspond
potentials for the pure GaAs and InAs alloys.

III. MOLECULAR DYNAMICS METHOD

In the MD approach, one obtains the phase–space tra
tories, i.e., the time evolution of the set of positions a
momenta for all the atoms from the numerical solution of
Newton’s equations of motion,26

mi

d2

dt2
r i52

]

]r i

V~ i 51, •••, N!, ~7!

wheremi is the mass of theith atom, andN is the number of
atoms.

Equation~7! is integrated by discretizing time with a
interval, Dt, and applying a finite-difference integrator th
depends on the statistical ensemble. In this study we use
the microcanonical (NVE) ensemble, which conserves th
number of atoms,N, the system volume,V, and the total

TABLE II. Constants in the interaction potential for InAs. Units and co
stants are defined in Table I.

Z a

In 1.1276 0.0
As 1.1276 2.0

H h w r1s r4s

In-In 7.8128310217 7.0 0.0 5.0 3.75
In-As 3.9578310216 9.0 0.0 5.0 3.75
As-As 2.3649310216 7.0 0.0 5.0 3.75

B C j r0 u

In-As-In 1.3310219 4.0 1.0 3.8 109.47122
As-In-As 1.3310219 4.0 1.0 3.8 109.47122
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energy,E, and the canonical (NVT) ensemble, which con-
serves temperature,T, instead of energy. For theNVE en-
semble the velocity-Verlet algorithm is implemente
whereas the Nose´–Hoover-chain method is applied to gene
ate theNVT ensemble. For both algorithms we applied t
multiple time-scale~MTS! scheme,27 which uses different

FIG. 1. Some tetrahedral structures found in Ga12xInxAs alloys showing
how bond angles change for different local environments.~a! Tetrahedron in
GaAs ~similar for InAs! in the zinc-blend structure, showing the perfe
109.5° tetrahedral angle.~b! Deformed tetrahedron around an As ion in th
GaAs host lattice (x'0 in Ga12xInxAs), where the angle between Ga
As-Ga bonds is increased to 112.4°.~c! Deformed tetrahedron around an A
ion in the InAs host lattice (x'1 in Ga12xInxAs), where the bond angle
between In-As-In is decreased to 105.7°.~d! Deformed tetrahedron around
an As ion in the Ga12xInxAs at x50.5, where the bond angles betwee
In-As-In, Ga-As-Ga and Ga-As-In are deformed to fit the different bo
lengths. Although all these tetrahedra may be found in the Ga12xInxAs, the
values of angles and bond lengths may change depending on the loca
vironment.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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time steps for different force components to reduce the n
ber of force evaluations.

IV. PREPARATION OF THE CRYSTALLINE
AND AMORPHOUS PHASES

A. Preparation and characterization
of the crystal phase

Initial crystalline configurations of the alloy are prepar
as follows:~i! a GaAs zinc-blende lattice is assembled;~ii !
for any given value ofx a Ga12xInxAs alloy is then obtained
by randomly replacing Ga atoms by In atoms with probab
ity x; ~iii ! As atoms are assigned ‘‘types’’ depending on t
number of the nearest-neighbor Ga and In atoms~these
‘‘types’’ are used to calculate the As-As potential during t
simulation!; and ~iv! the lattice parameter is determined b
minimizing the potential energy.

Calculations are performed for 1000 and 8000 atom s
tems using periodic-boundary condition, the simulation
sults depend little on the system size. The dimension of
cubic MD box is between 56.534 and 60.576 Å for the 80
atom system, depending on the compositionx. The equations
of motion are integrated usingDt52.177 fs. The structura
correlations of the first and second nearest neighbors are
lyzed by calculating pair distribution functions at the tem
peratureT510 K to reduce thermal broadening of the pea
Elastic constants are calculated atT50 K, after the system
has been quenched over 10 000Dt, during which the veloci-
ties are scaled by a factor of 0.001 each 100 time step
bring the system to a minimum energy configuration. Phon
density of states is calculated at room temperature~300 K!
using the Fourier transform of the velocity–velocity autoc
relation function.

B. Preparation and characterization
of the amorphous phase

We also calculate the structural correlations in the am
phous state, which is obtained as follows: the system
melted and thermalized atT52000 K for 30 000Dt, and
subsequently, the system is quenched slowly toT5100 K
during 50 000Dt. The As ‘‘types’’ are reassigned at ever
10Dt to reflect the change in the local environment. Beca
of the discrete changes of the As types during the simula
and the resulting discontinuities in the interatomic potent
the temperature of the system increases gradually during
simulation. This necessitates the control of the tempera
using theNVT ensemble. In the crystalline and amorpho
phases, atomic diffusions are negligible and the simulatio
performed in theNVE ensemble.

V. AB INITIO CALCULATION

To validate the classical MD simulations,ab initio MD
simulations are performed for a 216 atom crystalline sys
for x50.1, 0.5, and 0.9, in which the interatomic potentia
are calculated quantum mechanically. The electron
structure calculations28 are based on the local density a
proximation in the framework of the density function
theory.29–31We use the real-space grid based approach wi
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higher-order finite-difference method32 and norm-conserving
pseudopotentials.33 The energy functional is minimized usin
an iterative scheme based on the preconditioned conjug
gradient method28,34 with multigrid accelerations.35

The real-space grid is chosen as 0.22 Å, which cor
sponds to a plane-wave cutoff of 14.3 Ry. The calculatio
are performed on 128 processors of an SGI Origin 2000
percomputer, using spatial decomposition and a mess
passing interface for parallel computation.28 Atomic posi-
tions obtained with the classical MD simulation are relaxe
using the conjugate-gradient quench method, with ato
forces calculated according to the Hellmann–Feynman th
rem. The total energy in the electronic-structure calculat
is converged within 1023 mRy/electron, and the atomi
forces are less than 1024 a.u. The relaxed structure is com
pared with the starting classical MD configuration in order
quantify the validity of the classical MD simulation.

VI. RESULTS AND DISCUSSION

A. Crystalline phase

1. Nearest-neighbor environment

The volume of the Ga12xInxAs alloy is an increasing
function of x because of the 7% difference of the lattic
constants for GaAs and InAs in the zinc-blende structure.
investigate the effect of volume change on the near
neighbor local environment, we have calculated pair dis
bution functions@Fig. 2~a!#. We have found a well-defined
split in the first-neighbor shell, corresponding to Ga–As a
In–As bonds. Peak positions plotted in Fig. 2~b! for various
x values indicate that the bond lengths of Ga–As and In–
are almost constant functions ofx. This result is in contra-
diction with the virtual crystal approximation,5 which states
that all the atoms in the alloy occupy average lattice po
tions defined by the x-ray lattice constant. It also contrad

FIG. 2. ~a! Room temperature EXAFS~open symbols! and 10 K high en-
ergy x-ray diffraction data~solid symbols! on Ga-As~squares! and In-As
~circles! nearest-neighbor distances as a function of alloy composition. A
shown is the weighted average~triangles! of the EXAFS bond lengths,
which is identical to the virtual-crystal approximation value calculated fro
the lattice constant measured by x-ray diffraction.~b! The MD results for the
same quantities for a 1,000-atom system~solid symbols!. Also shown are
results for a 216-atom system in MD~open symbols! and ab initio MD
~dotted open symbols! simulations.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Pauling’s assumption that atomic radii are conserved qua
ties and should be the same in different chemi
environments.36 Figure 2~b! also shows the weighted averag
of the bond length, which closely follows Vegard’s Law an
is ;A3a/4, wherea is the lattice parameter. These MD r
sults are in good agreement with EXAFS/x-ray data3,4

shown in Fig 2~a!, and valence force field calculations.37

The two sets of MD results for 1000 and 216 atom
compared in Fig. 2~b! demonstrate that system size effec
are negligible. Figure 2~b! also includesab initio MD results
for x50.1, 0.5, and 0.9, showing that small modeling err
do not change the main conclusions based on the clas
MD results.

2. Second-neighbor environment

Pair distribution functions in Figs. 3~a!–3~c! show the
structure of the cation–cation sublattice.

The results are in good agreement with the virtual crys
approximation, showing a single peak for the cation–cat
distance.5 On the other hand, the first peak in the As–A
distribution in Figs. 3~d!–3~f! splits, suggesting the existenc
of two As–As nearest-neighbor distances. This is in go
agreement with EXAFS data by Mikkelsen and Boyce,3 and
demonstrates that the second-neighbor correlations in th
loy are accurately described by the MD simulations. Bro
ening of the peaks due to disorder is observed in b
cation–cation and anion–anion distributions. In order
quantify the degree of this disorder, the full width at ha
maximum ~FWHM! of the first peak of the cation–catio
pair distribution function is shown in Fig. 4. The FWHM
peaked at an intermediatex value (0.5,x,0.6). The peak is
asymmetric, being more pronounced at high In concen
tions (x.0.5) than at high Ga concentrations (x,0.5). This
is consistent with the increasing difference between In–

FIG. 3. MD pair distribution functions for cation-cation~a!-~c! and As-As
~d!-~f! pairs at a temperature of 10 K. The nearest cation-cation distance
a broad distribution, whereas the nearest As-As peak split into two p
suggesting the existence of two As-As distances. This is in good agree
with experiments3, and demonstrates that the second-neighbor correlat
in the alloy are accurately described by MD simulations. The data is
tained from the lattice relaxed over 10,000 time steps for a 8,000-a
system.
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and Ga–As bond lengths as a function ofx @see Fig. 2~b!#.
Physically, this originates from the different steric sizes
Ga and In ions: Forx.0.5, the large free volume availabl
for smaller Ga impurities in the InAs lattice causes enhan
disorder.

3. Violation of Vegard’s law

Although Fig. 2~b! shows that the weighted average
the bond lengths roughly agrees with the Vegard’s law, th
is a small but systematic convex deviation. This deviation
highlighted in Figs. 5~a! and 5~b!, which show that this con-
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FIG. 4. Full-width-at-half-maximum~FWHM! of the first peak of cation-
cation pair distribution functions, which quantifies disorder at the first sh
of the cation lattice in Ga12xInxAs. The results show a significant disorde
for intermediatex, and larger disorder for high concentrations of In th
for Ga.

FIG. 5. ~a! Dependence of the lattice parameter of the Ga12xInxAs alloys
with the composition. MD data~symbol/dotted line! is shown as well as the
Vegard’s law~solid line!. ~b! Deviation, 100*(l(x)2a(x))/a(x), of the MD
lattice parameter, l(x), from Vegard’s law, a(x).
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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vex deviation of the lattice parameter takes the maxim
value of 0.18% atx50.4.

The deviation in Fig. 5~b! has an asymmetrical shap
being more pronounced at high Ga concentration, which m
be understood by considering the difference of the stretch
and bending forces for the GaAs and InAs components
side the Ga12xInxAs crystal. As discussed by Fonget al.,38

for x'0, the bonds around the large In ions tend to expa
which in turn induce changes in the bond angles at neigh
Ga ions, see Fig. 1. If the bond-bending forces in the Ga
host lattice are sufficiently large, the lattice will resist ang
lar distortions, and thus prevent the bonds around the In
from expanding. Therefore, the average lattice paramete
the alloy atx'0 would be smaller than the Vegard’s valu
For x'1, when a small amount of Ga ions is present in
InAs host lattice, a similar argument suggests a lattice
rameter above the Vegard’s value. Therefore, the devia
should have an S shape, i.e., negative at smallx and positive
at largex. On the contrary, if the bond-stretching forces a
dominant, one instead finds either a concave or convex c
of the lattice parameter, depending on whether the stretc
force constant of GaAs is larger or smaller than that of InA
Based on this argument, the convex curve in Fig. 5~b! can be
explained if the stretching forces in Ga12xInxAs are domi-
nant and are larger for InAs than for GaAs. The poten
curves in Fig. 6 quantify the stretching and bending forces
Ga12xInxAs and show that this is, indeed, the case, i.e.,
stretching forces~which are larger for InAs than for GaAs!

FIG. 6. Comparison between stretching and bending terms inside
Ga12xInxAs alloys.~a! Energy per atom associated with the stretching o
GaAs/InAs lattice. Also included is an inverted curve for the InAs curve
easier comparison with the GaAs curve.~b! Energy per bond associated wit
angle changes between As-Ga-As and As-In-As bonds.
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are orders of magnitude larger than the bending forces.
The asymmetry in the deviation in Fig. 5~b! is due to the

increasing difference between the force constants of G
and InAs as the InAs bonds are contracted; see Fig. 6~a!.
Gehrsitzet al.39 have found a similar deviation~3%! from
Vegard’s law for Ga12xAl xAs through near-infrared Brillouin
scattering and high-energy x-ray diffraction experiments.

4. Elastic constants

Figure 7 shows the calculated elastic constants. The c
stantsC11, C12, andC44 are obtained by calculating energ
changes due to applied strains atT50 K.

The Bulk modulus is then calculated asB51/3(C11

12C12). We observe a nearly linear decrease ofC12 and
C44, and a significant nonlinear decrease ofC11 as a function
of x. Figure 7 also shows experimental data forx50 ~GaAs!
andx51 ~InAs!, which are in good agreement with the ca
culated values. Although we are not aware of any experim
tal data on the dependence of the elastic constants with c
position for Ga12xInxAs, Gehrsitz et al.39 have
experimentally observed a similar nonlinear dependence
the Poisson ratio onx for Ga12xAl xAs.

5. Phonon density of states

Figure 8 shows the calculated phonon density of sta
of Ga12xInxAs at T5300 K.

The data are obtained for simulation times ov
20 000Dt. For x50 ~GaAs! and 1 ~InAs!, the MD results
agree well with experimental40 and ab initio electronic-
structure calculation41 data. For intermediatex values, ex-
perimental data on optical phonons associated with hi
frequency peaks are controversial. Brodsky and Lucovs6

showed that the optical modes have a mixed mode spect
However, a more recent experimental study supports a t

he

r

FIG. 7. Elastic constants (C11, C12 and C44) and bulk modulus~B! obtained
from MD simulations~solid symbols! as a function of the alloy composition
x. For x50 ~GaAs! andx51 ~InAs!, experimental data are shown by ope
symbols. The temperature of the alloy during calculation wasT50 K.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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mode-type spectrum.7 In the two-mode-type, two bands o
frequencies corresponding to those in the binary systems
sist in the mixed crystal. The strength of each band increa
from zero to the maximum as the concentration of the co
sponding constituent increases. In the one-mode-type s
trum the band varies continuously from one characteri
binary alloy to the other, with the strength of the band
maining almost constant. The results in Fig. 8 unambi
ously support a two-mode spectrum: the GaAs and In
types change strengths across the composition while kee
the high-frequency-peak positions close to those in the p
alloys. This is in agreement with recent experimental stud
by Groenenet al.7 For intermediatex values the peaks ar
significantly broadened. This may be explained by the dis
der activated modes caused by distortions in the cry
lattice.

B. Amorphous phase

1. Nearest-neighbor environment

Figure 9~a! shows the pair distribution function and co
ordination number for As–cation pairs forx50.5 at T
5100 K in the amorphous alloy. Here, the coordination nu
ber,Cn(r), is the number of neighbor atoms inside a sph
of radiusr. CnAs2(Ga,In)(r ) is related togAs2(Ga,In)(r ) by

CnAs2(Ga,In)~R!54ps (Ga,In)E
0

R

gAs2(Ga,In)~r !r 2dr,

wheres (Ga,In) is the density of cations.
As in the crystalline phase, the first peak splits into t

bond lengths of As–Ga~first peak! and As–In~second peak!.
The arrow indicates that the coordination number is 4,
expected for the tetrahedral structure of the zinc blen
From the area under the first peak, the nearest-neighbo
ordination of As is found to be 2; the same is found for t
second peak, as expected for the compositionx50.5. Nev-
ertheless, the disorder at the second peak~As–In!, defined by
the FWHM, is noticeably larger than that at the first pe
~As–Ga!. In the crystalline alloy, on the contrary, the FWHM
for the InAs peak is only slightly larger than that for th

FIG. 8. Phonon density-of-states obtained from MD simulations. The s
dard procedure was used, calculating the Fourier transform of velo
velocity auto-correlation function.
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GaAs peak, see Fig. 4. This suggests that the differenc
disorder between GaAs and InAs correlations is further a
plified in the amorphous phase.

2. Second-neighbor environment

The pair distribution function for As–As pairs forx
50.5 at T5100 K in Fig. 9~b! shows a well-defined firs
peak without splitting, indicating that the slight differenc
between GaAs- and InAs-like As–As distances~which is
present in Fig. 3! is smeared out by the amorphous disord
As a result, the As–As and cation–cation structures beco
nearly identical, see the pair distribution function for cation
cation pairs forx50.5 andT5100 K in Fig. 9~c!. In both
As–As and cation–cation cases, the second and third p
of the crystalline function are merged to form a broad seco
peak. The arrows in Figs. 9~b!–9~c! indicate the coordination
number 12, as expected for the first shell of the fcc lattic

3. Bond-angle distribution

Bond-angle distributions are also calculated from M
trajectories. To calculate theY2X2Y angle betweenY and
X components we first construct a list of all nearest-neigh
atoms of typeY around atoms of typeX. The cutoff distance
for the X2Y separation is taken to be the first minimum
the corresponding radial distributiongXY(r ). From the list of
all Y atoms, the angles are calculated for all theY2X2Y
bonds and the results are averaged over allX atoms to obtain
the bond-angle distribution.

Bond-angle distribution in the amorphous phase forx
50.5 andT5100 K is shown in Fig. 10~a!. The As–Ga–As
bond angle has a well-defined peak at 109°. In Fig. 10~b! the

n-
y-

FIG. 9. ~a! Pair distribution function and coordination number for anio
cation pairs forx50.5 obtained from MD simulations. The arrow indicate
the coordination number.~b! Same function calculated for cation-catio
pairs and~c! for As-As pairs. Temperature of the alloy wasT5100 K and
the data were obtained over 20,000 time steps.
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As–In–As bond angle shows a broad distribution with
peak at;1002110°, which is consistent with the disorde
shown in the corresponding radial distribution.

Figures 10~c!–10~f! show distributions of bond angle
around As atoms. In contrast to Ga and In, which have o
As atoms as neighbors, As atoms atx50.5 have different
local environments, as discussed before. This is reflecte
the angle distribution:~i! The Ga–As–Ga bond-angle distr
bution in Fig. 10~c! shows two peaks at 85° and 110°.~ii !
The In–As–In bond-angle distribution in Fig. 10~d! has a
broad and asymmetrical distribution peaked at;100°. The
cation–As–cation bond-angle distribution in Fig. 10~e! has a
complex shape with a peak at 109° due to various local
vironments. Similar behavior is observed for the Ga–As–
distribution shown in Fig. 10~f!.

VII. CONCLUSION

We have performed molecular-dynamics simulations
the pseudobinary alloy Ga12xInxAs using an interaction po
tential scheme based on the potential for binary alloys.
have studied structural, mechanical, and dynamical pro
ties in the crystalline and amorphous phases. The MD res
reveal a local distortion in the crystalline lattice that is ch
acterized by two well-defined bond lengths, Ga–As and
As. While the cation sublattice exhibits a single broad pe
at the first neighbor shell, there are two As–As distanc
These results are in excellent agreement with experime
data3,4 as well as ourab initio molecular-dynamics simula
tion results. We calculate the deviation (<0.18%) of the
lattice constant from Vegard’s law. The phonon density
states shows a two-mode behavior, with the high-freque
optical modes, close to those in the binary materials. Thi
in excellent agreement with a recent Raman study.7 The cal-
culated elastic constants exhibit a significant nonlinear
pendence on the composition. For the amorphous phase
MD results show a well-defined split in the nearest-neigh
peak for the As–cation structure, similar to that in the cr
talline structure. However, the difference between the dis

FIG. 10. Distribution of bond angles in the amorphous phase of Ga12xInxAs
at x50.5 and T5100 K. ~a!-~b! show the As-cation-As distributions
whereas~c!-~f! show the same for cation-As-cation. The radius cut-off
isolate the first shell of neighbors was fixed in the minimum of the co
spondent g(r) function. Correlations were calculated over 20,000 time s
Downloaded 02 Sep 2003 to 128.125.8.179. Redistribution subject to A
ly

in

n-
n

f

e
r-
lts
-
–
k
s.
tal

f
y

is

-
the
r
-
r-

der at the first~As–Ga! and second~As–In! peaks is ampli-
fied in the amorphous phase. For the cation–cation
As–As distributions, similar structure results were obtain
with the crystalline distortion over the As–As sublattice b
ing completely overcome by the amorphous disorder.
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