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Molecular dynamics simulation of dynamical properties of InSb
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Molecular dynamics simulation was used to study dynamical properties of InSb. The effective potential
takes into account two and three body interactions, considering atomic size effects and charge-charge, charge-
dipole, and dipole-dipole interactions between 1000 particles, 500 In and 500 Sb, initially within a cubic box
of side L532.397 Å. The effect of hydrostatic pressure and temperature on the dynamical properties as
vibrational density of states, phonon anharmonicity, dynamic Debye-Waller factor, thermal expansion coeffi-
cient, and structural phase transformations are correctly described, in excellent agreement with the experimen-
tal results.

DOI: 10.1103/PhysRevB.68.073204 PACS number~s!: 61.20.Ja, 61.43.Bn, 61.43.Dq, 62.50.1p
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I. INTRODUCTION

The construction of the correct interaction potential
simulate material properties is the core of any molecular
namics~MD! simulation. In general, a certain interaction p
tential which is adequate to describe some limited numbe
material properties may fail to describe other properties. T
assertion can be considered as a general rule~with excep-
tions, of course! of certain interaction potentials that descri
very well the static structural properties but present proble
to describe dynamical properties, and vice versa.1–3 The goal
is then to construct an interaction potential able to desc
the most possible properties of a given system. Once
potential is capable to describe correctly known propertie
a certain material, it can be used to simulate and prev
new properties, in situations very difficult to be reached
not yet discernable experimentally. In the present work,
interatomic potential which is in excellent accord with t
experimental static properties of InSb such as crystal s
metry, coordination number, bond angles, phase transi
induced by hydrostatic pressure and bond distances was
cessfully used to simulate its dynamical properties. From
molecular dynamics simulation, dynamical Debye-Wal
factor, thermal expansion coefficient, pressure induced ph
transition, temperature, and pressure phonon anharmon
were correctly described, the last in excellent agreement w
Raman scattering experimental results.

II. MOLECULAR DYNAMICS CALCULATION

The molecular dynamics simulations were performed
ing the full Parrinello-Rahman ensemble.4 The details of the
interatomic potential and all parameters used in the pre
simulation are described in Ref. 5, in which it was explor
mainly static properties and structural phase transitions
duced by pressure and temperature.5 Here attention will fo-
cus on the dynamical behavior of the ions in the crystall
phase as a function of the temperature, at normal pres
and also under high hydrostatic external pressure. From
atomic trajectory, furnished by the MD, it is possible to c
culate all positional, angular and dynamical properties of
system. The velocity autocorrelation functionZa(t) is de-
fined as
0163-1829/2003/68~7!/073204~4!/$20.00 68 0732
-

of
is

s

e
e
f

w
r
e

-
n

uc-
e
r
se
ity
th

-

nt

-

e
re

he

e

Za~ t !5
^v ia~0!v ia~ t !&

^v ia~0!2&
,

wherev ia(t) is the velocity of particlei of type a at time t
and ^& denotes an ensemble average as well as an ave
over all particles of typea. The vibrational density of state
G(v) is obtained from the Fourier transform of the velocit
velocity correlation function

FIG. 1. ~a! First peak of the pair distribution function~PDF! of
Sb-Sb atoms in crystalline InSb for three different temperatures~a!
300, ~b! 600, and~c! 900 K. ~b! first derivative of the PDF for the
three temperatures.~c! squared atomic amplitude oscillation for~a!
In-In, ~b! Sb-Sb, and~c! In-Sb as a function of the temperature.
©2003 The American Physical Society04-1
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TABLE I. Values of the physical constants obtained by molecular dynamics simulations and fro
literature. aSb-Sb, a In-In , a In-Sb, are the mean thermal expansion coefficient between 300 and 90
(]Dx2)/]T)P , is the temperature coefficient for the squared atomic amplitude oscillation.vop is the maxi-
mum of the optical band and (]vop/]T)P and (]vop/]P)T are its temperature and pressure coefficie
respectively. (]vLO /]T)P , (]vTO /]T)P , (]vLO /]P)T , (]vTO /]P)T are the temperature and pressure f
quency coefficients for the longitudinal and transverse optical phonons, respectively.

Molecular dynamics Literature

aSb-Sb;1031026 K21

a In-In;1431026 K21 a;631026 K21 ~Ref. 14!
a In-Sb;231026 K21

S]Dx2

]T D
P

Sb-Sb:2.931024 Å2 K21

In-In:4.131024 Å2 K21

In-Sb:2.331024 Å2 K21

vop;170 cm21 vop;175 cm21 ~Ref. 10!
vLO;190.7 cm21 ~Ref. 13!
vTO;179.7 cm21 ~Ref. 13!

S]vop

]T D
P

;20.025 cm21 K21 S ]vLO

]T D
P

;20.026 cm21 K21 ~Ref.12!

S ]vTO

]T D
P

;20.016 cm21 K21 ~Ref.12!

S ]vop

]P D
T

;10 cm21 GPa21 S ]vLO

]P D
T

;4.2 cm21 GPa21 ~Ref.13!

S ]vTO

]P D
T

;4.7 cm21 GPa21 ~Ref.13!
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Za~ t !cos~vt !dt.

From the temperature dependence of the pair distribu
function ~PDF!, which gives the bond distance between p
of atoms, the dynamical Debye-Waller factor and the therm
expansion coefficient can be obtained.

III. RESULTS AND DISCUSSION

Among the several static structural information that c
be obtained from the pair distribution function~PDF! as
bond length, atomic bond angle distributions, crystall
symmetry, and coordination numbers, in variation with t
temperature and pressure gives information about struc
phase transitions. Moreover, the variation with the tempe
ture furnish directly the thermal expansion coefficient wh
the width of the pair distribution function gives the atom
oscillation amplitude, which permits to calculate the dynam
cal Debye-Waller factor. The data were obtained from
simulation in steps of 50 K, from 200 to 1100 K. In Fig. 1~a!
it shows the evolution of the first peak of the PDF of Sb-
distance for three temperatures 300, 600, and 900 K,
GPa, whose maximum peak position gives the Sb-Sb b
distance. From the zeros of the derivative of the first pe
displayed in Fig. 1~b!, was obtained the thermal expansio
coefficient for Sb-Sb, and similarly for In-In and InS
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distances. The average values between 300 and 90
are aSb-Sb;1031026, a In-In;1431026 and a In-Sb;2
31026 K21 for the cubic phase~at 0 GPa!.

From the full width of the PDF was obtained the atom
oscillation amplitude for In-Sb, In-In, and Sb-Sb atomsDx
as a function of the temperature, as displayed in Fig. 1~c!.
From a linear fit approximation, the temperature coefficie
for Dx2, (]Dx2)/]T)P , was obtained. The values are di
played in Table I. From these values, it can be determined
dynamical Debye-Waller factor by using the equation6

D~T!5exp@22M ~T!#5expF24p2~Dx!2

3d2 G ,

whered is the reticular spacing for the planes giving rise
the reflection under consideration.

Figure 2 displays the vibrational density of statesG(v)
simulated at 0 GPa and 300 K, obtained by the Fourier tra
forms of the velocity-velocity correlation function and i
comparison with the results obtained by the deformable b
model~DBM!,7 the experimental Raman spectrum8 and with
the phonon dispersion curve.9 The result from MD fits very
well the DBM and experimental results, reproducing the c
rect frequencies of the acoustical and optical bands.
lower values of the frequencies obtained from MD simu
tions can be attributed to the small number of partic
~1000!, since it sampled only around 80% of the high valu
4-2
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of the wave vector side of the Brillouin zone, while Ram
scattering samples phonons at the center of the Brillo
zone~phonon wave vectorsk;0). As the dispersion relation
of the optical modes presents decreasing frequencies
increasing phonon wave vectors, it is expected then lo
values of the phonon frequencies from the simulations. F
thermore, the Raman scattering measurements from Re
were performed at low temperature~80 K!, which shifts the
frequencies to higher values, standing out the differen
Despite the computational limitation, the frequency value
the maximum of the optical band is 170 cm21, near
175 cm21, the average frequency value of the optical ba
of InSb, at room temperature.10 A discussion on the averag
optical frequencyvop can be found in literature, which i
defined by

vop5
1

3N ( k,, jv j~k!,

where k belongs to the first Brillouin zone andj are the
optical branches. This equation describes the lattice dyn
ics as an Einstein approximation, where the optical mo
are represented by 3N oscillators vibrating at the same fre
quencyvop.11

Figure 3~a! shows the effect of the temperature variati

FIG. 2. ~a! Vibrational density of statesG(v) from the molecu-
lar dynamics simulation at 0 GPa and 300 K.~b! Raman spectrum
of InSb, Ref. 8.G(w) from the deformable bond model, Ref. 7.~c!
G(w) from the deformable bond model, Ref. 7.~d! phonon disper-
sion curve for InSb, Ref. 9.
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FIG. 3. ~a! Vibrational density of statesG(v) at 300, 600, and
900 K. ~b! ~a! and ~b! temperature dependence of the longitudin
and transverse optical phonon frequencies from Raman scatte
respectively and~c! temperature dependence of the maximum
G(v) in the optical range obtained by molecular dynamics simu
tion. The full lines are linear fitting approximations.

FIG. 4. ~a! Pressure dependence ofG(v), from molecular dy-
namics simulation at~a! 1.0 GPa,~b! 2.0 GPa,~c! 3.0 GPa, and~d!
3.2 GPa.~b! ~a! and~b! pressure dependence of the longitudinal a
transverse optical phonon frequencies from Raman scattering
spectively, from Ref. 12 and~c! pressure dependence of the max
mum ofG(v) in the optical range obtained by molecular dynam
simulation. The full lines are linear fitting approximations.
4-3
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on G(v), for 300, 600, and 900 K. The simulations we
performed from 200 to 1100 K, in steps of 50 K. Figure 3~b!
displays the temperature dependence of the longitud
~LO! and transverse~TO! optical phonon frequencies of InS
obtained by Raman scattering experiment12 and the maxi-
mum of the optical band of the density of states, from
MD simulation. From a linear fitting approximation, the tem
perature frequency coefficients (]vLO /]T)P , (]vTO/]T)P ,
and (]vop/]T)P are 20.026, 20.016, and 20.025
cm21 K21, respectively.

Figure 4~a! shows the dependence of theG(v) with the
hydrostatic pressure. There are two main effects of the p
sure onG(v): ~i! an anharmonic frequency shift to hig
frequencies up to 3.0 GPa and~ii ! a structural cubic to ortho
rhombic phase transition, denounced by the dramatic cha
in G(v) at about 3.2 GPa. Figure 4~b! displays the pressur
dependence of the longitudinal optical phonon of crystall
InSb from Raman scattering13 and of the maximum ofG(v).
From a linear fitting approximation, the pressure frequen
coefficients (]vLO /]P)T , (]vTO/]P)T , and (]vop/]P)T
are 4.2, 4.7, and 10 cm21 GPa21, respectively. Finally,
Table I summarizes all numerical values obtained from
present simulation, showing also the experimental val
discernable in the literature.
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IV. CONCLUSIONS

Summarizing, isoenthalpic-isobaric molecular dynam
simulations to study the pressure and temperature influe
on dynamical properties of InSb was successfully perform
using the effective potential which takes into account t
and three body interactions. From the pair distribution fun
tion, the thermal expansion coefficient was obtained, in
cellent accord with the experimental value. Furthermore,
temperature dependence of the dynamical Debye-Waller
tor was also obtained. From the vibrational density of sta
the temperature and pressure phonon anharmonicity was
rectly described, in excellent accord with results from Ram
scattering. As the interatomic potential describes very w
static and dynamic properties of InSb, it can be used to sim
late and preview new properties in several different exp
mental conditions.
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