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Using an interaction potential scheme, molecular dynarfid®) simulations are performed to
investigate structural, mechanical, and vibrational properties of (@ As alloys in the crystalline

and amorphous phases. For the crystalline phase we find(ith&a—As and In—As bond lengths

vary only slightly for different compositionsii) the nearest-neighbor cation—cation distribution has

a broad peak; angii ) there are two nearest-neighbor As—As distances in th@Ai®n sublattice.

These MD results are in excellent agreement with extended x-ray absorption fine structure and
high-energy x-ray diffraction data and also wélb 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 InAg 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 phéisgthe cation—cation distribution is similar to that

in the crystal phase; ar(di ) 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

I. INTRODUCTION tion range. For example, the wavelength of a solid-state laser
made of Ga_,Al,As can be tuned by changing
Semiconductor pseudobinary alloys with chemical for- A particularly interesting pseudobinary alloy is
mula A;-BxC(0<x=<1) have drawn much attention for Gga _,In,As, which has a simple zinc-blende structure at low
their interesting properties and their possible applications ifhressures. This alloy closely follows Vegard's Lawghich
optoelectronic devices. These alloys form a zinc-blendetates that the average lattice parametéx), of the alloy is
structure in the entire composition range<®<1, where 5 jinear function of the compositiorx, i.e., d(x)=(1
componentC is arranged in a fcc sublattid@nion sublat- —X)dag+Xdac, (dapg andd,c are the lattice parameters of
tice), and componenté andB are distributed over another pq pure binary alloysAC and BC). Consequently, the
fcc sublattice(cation sublatticedisplaced from the first one weighted average of the nearest-neighbor atomic distances is
by (337). For bulk materials synthesized at high tempera-— /3a/4 (a is the lattice parameter of the allpyThe bond
tures,A and B components are randomly distributed within |engths in the binary alloys vary significantly from 2.448 A
the cation sublattice, although they can be ordered undgh GaAs to 2.623 A in InAs. Extended x-ray absorption fine
specific growth conditionsWhen a completely miscible so- structure(EXAFS) and x-ray measuremedtsindicate that
lution is obtained, for random cation distributions, physicalinis |arge lattice mismatch~7%) is accommodated by lo-
properties may be varied continuously across the composisg| pond distortions while the zinc-blende structure is pre-
served. Recent studies on oth&g ,B,C semiconductors
dElectronic mail: priyav@usc.edu alloys found that the cation—anion bond lengths remain al-
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most the same as those in the pure binary compounds due T6BLE I. Constants in the interaction potential for GaAs. Unit of length/
local bond distortions. This apparently contradicts the virtuaF"¢'9 'S AlJow . Z is the eflective charge in ‘e’ units, and the electronic

tal imati hich lains the structural disord Ipolarizability, which has dimension of volume,AH is the repulsive
crystal approximaton, which explains theé structural disor estrength, then parameters are repulsive exponents, w the van der Waals

of the alloys assuming an average crystal, where all the aktrength, and;tand isthe screening constants. The others constants pertain
oms are distributed over one zinc-blende lattice with the latto the three-body part of the interaction potential, where B is the strength,
tice parameter calculated from X-ray diffraction data. and C,¢, ry , andd are defined by the three-body potential equation.
Vibrational properties of Ga ,In,As alloys are complex 7
as well and not well understood. Infrared measurements by

o

Brodsky et al® indicated a mixed-mode behavior, in which Ga 0.9418 0.0

. . . As 0.9418 2.0
the high-frequency optical phonons are characterized by a
single broad peak. However, in a recent Raman-scattering
study, Groeneret al’ observed a two-mode behavior, in H 7 w s las
which the high-frequency optical modes have two distinctga-Ga 1474%10°% 7.0 0.0 50 3.75
peaks corresponding to GaAs and InAs optical phonorsa-As 6.511x107® 9.0 58.91&10°® 50 3.75
modes. The vibrational properties of similar alloys, e.g.,As-As 4468310 *° 7.0 0.0 50 375
GaAl,_,As, were also studied computationally based on
lattice dynamics, where supercells were used to study the B c & o 6
effects of_ dlsor_der on the spe(_:tsrat was §hown_ that_ the_ GaAs-Ga 7510 ° 200 10 38 10947122
phonon dispersions are well defined, despite lattice diStortioRs.ca-as 7%10°° 200 1.0 38 109.47122

and the absence of periodicity.

In this article, we report classical ammb initio molecu-
lar dynamics(MD) simulations of Ga_,In,As alloys. We
have investigated the structural, mechanical, and dynamicyyhere H;; and »;; are the strength and exponents of the
properties of these alloys in the composition ranging fromsteric repulsion,Z; the effective chargeq; the electronic
x=0 (GaA$ to 1 (InAs) for both the crystalline and amor- Polarizability, ;s and r,s the screening constants for the
phous phases. This article is organized as follows: In See. ffoulomb and charge—dipole interactions, amg; the
we discuss the interatomic potentials used in the classicditrength of the van der Waals interaction. The three-body
MD study of the alloys, and in Sec. Ill we summarize theterm represents covalent bond bending and stretching:

MD method. The preparation of the crystalline and amor- &

phous states and details of the simulations are described in Vj(ﬁ?(r”,rik)=Bijk exr{ — + p—
Sec. IV, and thab initio simulations are explained in Sec. V. hoto Tk o
In Sec. VI we discuss the MD results and compare them with (CoSB;j — €oShg)?

available experiment data, and finally, conclusions are given x
in Sec. VII. A short letter discussing some of these results
was published in the journal of Applied Physics Letters. 3

where B;jy is the strength of the three-body interactiog,
the cutoff radius¢ andC;j, constants to adjust the stretching
Il INTERATOMIC POTENTIAL SCHEME and bending terms, ang;, the angle formed by;; andry .

The interatomic potential model encodes interactionse0 in the case, of GaAs and InAs is the tetrahedral angle

° i -1
among all the atoms, and thus is the essential ingredient (}fogfh.’ W't? cots90—. s tential del has b full
molecular dynamics simulations. Our interatomic potential ) IS Interatomic potential mo e_ as been succeig ully
for Ga,_In,As alloys is an interpolation of those for binary @PPliéd o a number of ceramics such as 5

alloys° which consist of two- and three-body terfs, SigN,, 710 S'(S:’N Al 293, and A|N,208.2I’:]Ld semlcondzl;ctors
N N such as GaA& InAs, CdSe,.S|Sge, : a_nd GeSe.““ In
V=E V(r, )+ E NOT D the' present work, we use this model' with the parameters
a T e ik ik optimized to reproduce selected experimental data for GaAs
) and InAs?® Our fitting database includes crystalline lattice
whereN is the number of atoms;;=[rj|, rij=ri—rj, and  constants, cohesive energies, elastic constants, melting tem
ri is the position of theth atom. . _ perature as well as structural transition pressures, phonon
~ The two-body term represents steric repulsion, CoulomBjensity of states, and neutron-scattering data for crystalline
interactions due to charge transfer, induced charge—dipolgng amorphous structures. The potential parameters for the

interaction due to large electronic polarizability of the an-pinary alloys, GaAs and InAs, are given in Tables | and II.

(r’rkr )1
1+Cijk(COS¢9ijk—COSGO)2 eo

ions, and van der Waalslipole—dipole interaction: For Ga_,InAs the potentials for GaAs and InAs are
H. 7.7 U . 7%+ .72 interpolated in such a way that the resulting potential de-
Vi(j2)(r):J+#e—r/rls_ (@ '4 9] ‘)e—f/us pends on the local chemical environméht® This is
r 7ij r r

achieved by applying the following rules:

(i) The two-body potential between different cations is
_ T (2) the average of the cation—cation interatomic potentials in the
pure alloys,
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TABLE II. Constants in the interaction potential for InAs. Units and con-
stants are defined in Table I.

Z a

In 1.1276 0.0

As 1.1276 2.0

H n w f1s l4s
In-In 7.8128x10 Y7 7.0 0.0 5.0 3.75
In-As 3.957810 16 9.0 0.0 5.0 3.75
As-As 2.364% 1016 7.0 0.0 5.0 3.75

B C I3 fo 0
In-As-In 1.3x10°%° 4.0 1.0 3.8 109.47122
As-In-As 1.3x10°%° 4.0 1.0 3.8 109.47122

Vea-cat Vin-in
Voan=""p " @

(ii) The two-body interatomic potential between As at-
oms is an interpolation of the As—As potentials in the pure
alloys. Since the first-neighbor shell of an As atom in the
zinc-blende structure consists of-4n Ga andm In atoms,
there are five possible first-neighbor configuratioma (
=0,1, 2, 3, 4) for the As atom, see Figs$aj-1(c). Accord-
ingly, the potential between two As atoms is a linear combi-
nation of the As—As potentialy ()., in GaAs and that,
v, in INAs,

m+n

m+n
= 1- T ot T o ®

U AsAs 8 8

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

(iii) The three-body interatomic potenti¥li;a_as—n IS
the average of those in the pure alloys,

Vga-as-cat Vin-as—1
Vea as—In= L 32 L n. (6)

All the other potentials are identical to the corresponding

. FIG. 1. Some tetrahedral structures found in As alloys showin
potentials for the pure GaAs and InAs alloys. 1 Gény y 9

how bond angles change for different local environmef@sTetrahedron in

GaAs (similar for InAg) in the zinc-blend structure, showing the perfect
109.5° tetrahedral angléb) Deformed tetrahedron around an As ion in the
GaAs host lattice X~0 in Ga _,In,As), where the angle between Ga-

In the MD approach. one obtains the phase—space tra.eA_s-Ga bonds is increased to 112.4°). Deformed tetrahedron around an As
PP ! p P J€%h in the InAs host latticeX~1 in Gg _,In,As), where the bond angle

tories, i.e., the time evolution of the set of positions andpetween In-As-In is decreased to 105.if) Deformed tetrahedron around
momenta for all the atoms from the numerical solution of thean As ion in the Ga ,In,As at x=0.5, where the bond angles between

IIl. MOLECULAR DYNAMICS METHOD

Newton’s equations of motio%?, In-As-In, Ga-As-Ga and Ga-As-In are deformed to fit the different bond
lengths. Although all these tetrahedra may be found in the @aAs, the
d2 values of angles and bond lengths may change depending on the local en-
mi—zri=——V(i=1,~-~,N), (7) vironment.
dt ar,;
wherem; is the mass of thé" atom, andN is the number of
atoms. energy,E, and the canonicalNVT) ensemble, which con-

Equation(7) is integrated by discretizing time with an serves temperaturd, instead of energy. For theVE en-
interval, At, and applying a finite-difference integrator that semble the velocity-Verlet algorithm is implemented,
depends on the statistical ensemble. In this study we use botilhereas the NoseHoover-chain method is applied to gener-
the microcanonical \VE) ensemble, which conserves the ate theNVT ensemble. For both algorithms we applied the
number of atomsN, the system volumey, and the total multiple time-scale(MTS) schemé&’ which uses different
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time steps for different force components to reduce the num-

ber of force evaluations. [(b) In-As .
ce® B8 * d
* o

IV. PREPARATION OF THE CRYSTALLINE ] 1 [% v.vei hted

AND AMORPHOUS PHASES weighted 1 1 9

average

average

B,

A. Preparation and characterization
of the crystal phase

Initial crystalline configurations of the alloy are prepared
as follows: (i) a GaAs zinc-blende lattice is assembléid)
for any given value ok a Gg _,In,As alloy is then obtained
by randomly replacing Ga atoms by In atoms with probabil-
ity x; (iii) As atoms are assigned “types” depending on the 2.42
number of the nearest-neighbor Ga and In atoftiese
“types” are used to calculate the As-As potential during the

; [P ; ; ; ; FIG. 2. (a) Room temperature EXAF®pen symbolsand 10 K high en-
Slml.'lla.'tlpr)’ and (iv) th.e lattice parameter is determined by ergy x-ray diffraction datasolid symbolg on Ga-As(squares and In-As
minimizing the potentlal energy. (circles nearest-neighbor distances as a function of alloy composition. Also
Calculations are performed for 1000 and 8000 atom SySshown is the weighted averadériangles of the EXAFS bond lengths,

tems using periodic-boundary condition, the simulation rewhich is identical to the virtual-crystal approximation value calculated from
sults depend little on the system size. The dimension of thH‘e lattice constant measured by x-ray diffracti@).The MD results for the

. P . y ) Same quantities for a 1,000-atom systésolid symbolg. Also shown are
cubic MD box is between 56.534 and 60.576 A for the 8000,esuits for a 216-atom system in Mpen symbolsand ab initio MD
atom system, depending on the compositiofihe equations  (dotted open symboisimulations.
of motion are integrated usindt=2.177fs. The structural
correlations of the first and second nearest neighbors are ana- o )
lyzed by calculating pair distribution functions at the tem- higher-order finite-difference meth%fchnd.norm?cqnserwr.]g
peratureT = 10K to reduce thermal broadening of the peaks.pse_UdoF’.Otem""‘@-The energy functional is minimized using
Elastic constants are calculatedTat 0 K, after the system an iterative schegrle based on the preconqmoged conjugate-
has been quenched over 10 @00 during which the veloci- ~ gradient methotf with multigrid acceleration®> '
ties are scaled by a factor of 0.001 each 100 time steps to The real-space grid is chosen as 0.22A, which corre-
bring the system to a minimum energy configuration. Phonor§PONds to a plane-wave cutoff of 14.3 Ry. The calculations
density of states is calculated at room temperat@69 K) are performed on 128 processors of an SGI Origin 2000 su-

using the Fourier transform of the velocity—velocity autocor-Percomputer, using spatial decomposition and a message
relation function. passing interface for parallel computat@hAtomic posi-

tions obtained with the classical MD simulation are relaxed,
using the conjugate-gradient quench method, with atomic
forces calculated according to the Hellmann—Feynman theo-
rem. The total energy in the electronic-structure calculation
We also calculate the structural correlations in the amoris converged within 10° mRy/electron, and the atomic
phous state, which is obtained as follows: the system igorces are less than 16a.u. The relaxed structure is com-
melted and thermalized af=2000K for 3000Q\t, and  pared with the starting classical MD configuration in order to

subsequently, the system is quenched slowlyTte100K  quantify the validity of the classical MD simulation.
during 50 00Q\t. The As “types” are reassigned at every

10At to reflect the change in the local environment. Becausg, ResuULTS AND DISCUSSION
of the discrete changes of the As types during the simulation

and the resulting discontinuities in the interatomic potential A. Crystalline phase

the temperature of the system increases gradually during thJ_e
simulation. This necessitates the control of the temperature’
using theNV T ensemble. In the crystalline and amorphous ~ The volume of the Ga.,In,As alloy is an increasing

phases, atomic diffusions are negligible and the simulation i§unction of x because of the 7% difference of the lattice
performed in theNVE ensemble. constants for GaAs and InAs in the zinc-blende structure. To

investigate the effect of volume change on the nearest-
neighbor local environment, we have calculated pair distri-
bution functions[Fig. 2(a)]. We have found a well-defined
To validate the classical MD simulationsb initio MD split in the first-neighbor shell, corresponding to Ga—As and
simulations are performed for a 216 atom crystalline systenin—As bonds. Peak positions plotted in FigbRfor various
for x=0.1, 0.5, and 0.9, in which the interatomic potentialsx values indicate that the bond lengths of Ga—As and In—As
are calculated quantum mechanically. The electronicare almost constant functions ®f This result is in contra-
structure calculatiorf8 are based on the local density ap- diction with the virtual crystal approximatiohwhich states
proximation in the framework of the density functional that all the atoms in the alloy occupy average lattice posi-
theory?*~3We use the real-space grid based approach with tions defined by the x-ray lattice constant. It also contradicts

Nearest Neighbor distance (A)

0 02 04 06 08 1 0 02 04 06 08 1
X X

B. Preparation and characterization
of the amorphous phase

Nearest-neighbor environment

V. AB INITIO CALCULATION
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¢ g E
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£ 5 0.04} -
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= 9% l 0.4 06 08 1.0
© 20 (c) x=08 1 12 (f) x=0.8 00 02 : : : :
10 ® X
ﬁ 4 ht A FIG. 4. Full-width-at-half-maximum{(FWHM) of the first peak of cation-
0 A 0 cation pair distribution functions, which quantifies disorder at the first shell
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

of the cation lattice in Ga In,As. The results show a significant disorder
for intermediatex, and larger disorder for high concentrations of In than
for Ga.

r(A) r(A)

FIG. 3. MD pair distribution functions for cation-catida)-(c) and As-As
(d)-(f) pairs at a temperature of 10 K. The nearest cation-cation distance has

a broad distribution, whereas the nearest As-As peak split into two peaks . .
suggesting the existence of two As-As distances. This is in good agreemeffﬁncI Ga_AS b_'ond _Ie_ngths as a funCt'_onXdisee Flg. Eb)]
with experimenty and demonstrates that the second-neighbor correlationdhysically, this originates from the different steric sizes of

in the alloy are accurately described by MD simulations. The data is obGa and In ions: Fok>0.5, the large free volume available
tained from the lattice relaxed over 10,000 time steps for a 8,000-aton}0r smaller Ga impurities in the InAs lattice causes enhanced
system. .

disorder.

Pauling’s assumption that atomic radii are conserved quantig. Violation of Vegard's law
ties and should be the same in different chemical

environments? Figure 2b) also shows the weighted average
of the bond length, which closely follows Vegard’'s Law and
is ~\/3a/4, wherea is the lattice parameter. These MD re-
sults are in good agreement with EXAFS/x-ray dita,
shown in Fig 2a), and valence force field calculatiofs.

Although Fig. Zb) shows that the weighted average of
the bond lengths roughly agrees with the Vegard’s law, there
is a small but systematic convex deviation. This deviation is
highlighted in Figs. &) and 8b), which show that this con-

The two sets of MD results for 1000 and 216 atoms
compared in Fig. ) demonstrate that system size effects
are negligible. Figure ®) also includesb initio MD results
for x=0.1, 0.5, and 0.9, showing that small modeling errors
do not change the main conclusions based on the classical
MD results.

2. Second-neighbor environment

Pair distribution functions in Figs.(8—-3(c) show the
structure of the cation—cation sublattice.

The results are in good agreement with the virtual crystal
approximation, showing a single peak for the cation—cation
distance> On the other hand, the first peak in the As—As
distribution in Figs. 8)—3(f) splits, suggesting the existence
of two As—As nearest-neighbor distances. This is in good
agreement with EXAFS data by Mikkelsen and Boyad
demonstrates that the second-neighbor correlations in the al-
loy are accurately described by the MD simulations. Broad-
ening of the peaks due to disorder is observed in both
cation—cation and anion—anion distributions. In order to
quantify the degree of this disorder, the full width at half
maximum (FWHM) of the first peak of the cation—cation
pair distribution function is shown in Fig. 4. The FWHM is
peaked at an intermediatevalue (0.5<x<<0.6). The peak is
asymmetric, being more pronounced at high In concentr
tions (x>0.5) than at high Ga concentrations<0.5). This

Lattice parameter (A)

Deviation (%)

o
-

o
o

MD data
Vegard's law

—t

0

2

04 06 08 1
X

FIG. 5. (8 Dependence of the lattice parameter of thg Gin,As alloys
G\Nith the composition. MD datésymbol/dotted lingis shown as well as the
Vegard's law(solid ling). (b) Deviation, 100* (1) —a(x))/a(x), of the MD

is consistent with the increasing difference between In—Agattice parameter, I(x), from Vegard's law, a(x).
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300 Stretching potential in Ga, In As ]
250 | GaAs .
............ InAs S

200

100 |

Energy / atom (meV)
o &
o o
O

56 57 58 59 60 6.1
Lattice parameter (A)

Elastic constants (GPa)

L) M ) M L] v

Bending potential in Ga,_In As

FIG. 7. Elastic constants (g C,,and G ) and bulk modulugB) obtained
from MD simulations(solid symbol$ as a function of the alloy composition
x. Forx=0 (GaAs andx=1 (InAs), experimental data are shown by open
symbols. The temperature of the alloy during calculation Wa K.

Energy / bond (meV)

0 [ i 1 A [
106 108 110 112
Angle 0
are orders of magnitude larger than the bending forces.
FIG. 6. Comparison between stretching and bending terms inside the Th ? in th dg iation in Fi . dg to th
Ga,_4In,As alloys.(a) Energy per atom associated with the stretching of a _ e asymme ry in the deviation in Fig(t} is due to the
GaAs/InAs lattice. Also included is an inverted curve for the InAs curve for increasing difference between the force constants of GaAs
easier comparison with the GaAs curde). Energy per bond associated with  and InAs as the InAs bonds are contracted; see R‘@ 6
angle changes between As-Ga-As and As-In-As bonds. Gehrsitzet al® have found a similar deviatiof8%) from
Vegard's law for Ga_,Al,As through near-infrared Brillouin
scattering and high-energy x-ray diffraction experiments.

vex deviation of the lattice parameter takes the maximum
value of 0.18% ak=0.4. 4. Elastic constants

bei The deviation in F(ijg. B;) Eaé an asymmgtrical ﬁ,h?]pe’ Figure 7 shows the calculated elastic constants. The con-
€ing more pronouncec at. Igh &a _Concentrat|on, whic ma¥tantscll, C,,, andC,, are obtained by calculating energy
be understood by considering the difference of the stretchmghanges due to applied strainsTat 0 K

and bending forces for the GaAs and InAs components in- The Bulk modulus is then calculated &= 1/3(Cy,

side the Ga.,In,As crystal. As discussgd by Foreg al,** +2C,,). We observe a nearly linear decrease@f, and
for.x~.0, the F’O”ds around th? large In ions tend to ex.pandCM, and a significant nonlinear decreaseCqf as a function
Wh'(.:h n turn m_duce changes in the bgnd angles_ at neighbog Figure 7 also shows experimental dataxerO (GaA9

Ga ions, see Fig. 1. If the bond-bending forces in the GaAg,y, 7 (InAs), which are in good agreement with the cal-
host_lattlc_e are sufficiently large, the lattice will resist angu-c 1ated values. Although we are not aware of any experimen-
lar d|stort|ons_, and thus prevent the bonds aFOU”d the In ions, yata on the dependence of the elastic constants with com-
from expanding. Therefore, the average lattice par,ameter ositon for Ga ,InAs, Gehrsitz et al®® have

the alloy atx~0 would be smaller thaq the _Vegards vglue. experimentally observed a similar nonlinear dependence of
For x~1, Whe.n a sma_lll gmount of Ga ions is presentlln thethe Poisson ratio o for Ga,_ Al As.

InAs host lattice, a similar argument suggests a lattice pa-

rameter above the Vegard’'s value. Therefore, the deviation .

should have an S shape, i.e., negative at smafld positive - Phonon density of states

at largex. On the contrary, if the bond-stretching forces are  Figure 8 shows the calculated phonon density of states
dominant, one instead finds either a concave or convex curvef Ga _,In,As at T=300K.

of the lattice parameter, depending on whether the stretching The data are obtained for simulation times over
force constant of GaAs is larger or smaller than that of INnAs20 000At. For x=0 (GaAs and 1(InAs), the MD results
Based on this argument, the convex curve in Fi) 6an be  agree well with experiment®] and ab initio electronic-
explained if the stretching forces in Galn,As are domi-  structure calculaticht data. For intermediate values, ex-
nant and are larger for InAs than for GaAs. The potentialperimental data on optical phonons associated with high-
curves in Fig. 6 quantify the stretching and bending forces irfrequency peaks are controversial. Brodsky and Lucdisky
Ga _,In,As and show that this is, indeed, the case, i.e., theshowed that the optical modes have a mixed mode spectrum.
stretching forcegwhich are larger for InAs than for GaAs However, a more recent experimental study supports a two-
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x=0.0 12 A B I S B B B P 32
A/\/\""“—\/\A/\xL g [ As-(CGaln 27 124
® x=0.2 | .' 4116
2 m—/\ . 4t d
32 x=0.4 (a) 18
"(u_) —— | ( t 0 — L 1 0
=3 x=0.6 5 32
< 1 .{\/—N 1 4 T
8 x=0.8 —_— 24 -
- 3 1 ~
L L - o \-/g 2 [ 16 Cg
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Energy (meV) 4 - 32
4
FIG. 8. Phonon density-of-states obtained from MD simulations. The stan- 3 ] 24
dard procedure was used, calculating the Fourier transform of velocity- 2 16
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mode-type spectrurhin the two-mode-type, two bands of
frequencies corresponding to those in the binary systems per-
sist in the mixed crystal. The strength of each band increases
from zero to the maximum as the concentration of the correE!G- 9 (a) Pair distribution function and coordination number for anion-
sponcing consituent ncreases. In the one-mode-type Spei“f, b4 =05 Soaned o i Smulaons, e won s
trum the band varies continuously from one characteristigairs and(c) for As-As pairs. Temperature of the alloy wés=100 K and
binary alloy to the other, with the strength of the band re-the data were obtained over 20,000 time steps.

maining almost constant. The results in Fig. 8 unambigu-

ously support a two-mode spectrum: the GaAs and InAs . _ . .
types change strengths across the composition while keepirfg@*S Peak, see Fig. 4. This suggests that the difference in
the high-frequency-peak positions close to those in the pur IS_OFdQF between GaAs and InAs correlations is further am-
alloys. This is in agreement with recent experimental studie®lified in the amorphous phase.

by Groeneret al’ For intermediatex values the peaks are

significantly broadened. This may be explained by the disor2- Second-neighbor environment

der activated modes caused by distortions in the crystal The pair distribution function for As—As pairs fox

lattice. =0.5 at T=100K in Fig. 9b) shows a well-defined first
peak without splitting, indicating that the slight difference

B. Amorphous phase between GaAs- and InAs-like As—As distanc@shich is
present in Fig. Bis smeared out by the amorphous disorder.

1. Nearest-neighbor environment As a result, the As—As and cation—cation structures become

Figure 9a) shows the pair distribution function and co- Nearly identical, see the pair distribution function for cation—
ordination number for As—cation pairs for=0.5 at T  cation pairs forx=0.5 andT=100K in Fig. 9c). In both
=100K in the amorphous alloy. Here, the coordination num-AS—As and cation—cation cases, the second and third peaks
ber,Cn(r), is the number of neighbor atoms inside a Spheré)f the crystalline function are merged to form a broad second

of radiusr. Cnas- (cany(r) is related togas— (cam(r) by peak. The arrows in Figs(9)—9(c) indicate the coordination
number 12, as expected for the first shell of the fcc lattice.

R
CnAsf(Ga,In)( R):4770'(Ga,ln)f gAsf(Ga,In)(r)rzdrv .
0 3. Bond-angle distribution
whereo g, n) is the density of cations. Bond-angle distributions are also calculated from MD
As in the crystalline phase, the first peak splits into thetrajectories. To calculate thé—X—Y angle betweery and
bond lengths of As—Géirst peak and As—In(second pegk X components we first construct a list of all nearest-neighbor
The arrow indicates that the coordination number is 4, astoms of typeY around atoms of typX. The cutoff distance
expected for the tetrahedral structure of the zinc blendefor the X—Y separation is taken to be the first minimum of
From the area under the first peak, the nearest-neighbor cthe corresponding radial distributiayyy(r). From the list of
ordination of As is found to be 2; the same is found for theall Y atoms, the angles are calculated for all the X—Y
second peak, as expected for the compositierD.5. Nev- bonds and the results are averaged oveXatoms to obtain
ertheless, the disorder at the second péak-1n), defined by  the bond-angle distribution.
the FWHM, is noticeably larger than that at the first peak = Bond-angle distribution in the amorphous phase Xor
(As—Ga. In the crystalline alloy, on the contrary, the FWHM =0.5 andT=100K is shown in Fig. 1@&). The As—Ga—As
for the InAs peak is only slightly larger than that for the bond angle has a well-defined peak at 109°. In Figbllthe
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der at the firsiAs—Ga and secondAs—In) peaks is ampli-
fied in the amorphous phase. For the cation—cation and
As—As distributions, similar structure results were obtained,
with the crystalline distortion over the As—As sublattice be-
ing completely overcome by the amorphous disorder.
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