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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 InSh. 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 L=32.397 A. 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.
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|. INTRODUCTION ) )
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The construction of the correct interaction potential to
simulate material properties is the core of any molecular dy- ) ) o _
namics(MD) simulation. In general, a certain interaction po- Wherev;.(t) is the velocity of particlé of type « at time t
tential which is adequate to describe some limited number ofnd () denotes an ensemble average as well as an average
material properties may fail to describe other properties. Thi§Vver all particles of typer. The vibrational density of states
assertion can be considered as a genera| (IWIﬂ'] excep- G(w).IS Obta]neq from the Fourier transform of the Ve|0CIty-
tions, of coursgof certain interaction potentials that describe Velocity correlation function
very well the static structural properties but present problems
to describe dynamical properties, and vice vérsahe goal 10 >
is then to construct an interaction potential able to describe NEREY
the most possible properties of a given system. Once the
potential is capable to describe correctly known properties of
a certain material, it can be used to simulate and preview
new properties, in situations very difficult to be reached or
not yet discernable experimentally. In the present work, the
interatomic potential which is in excellent accord with the
experimental static properties of InSb such as crystal sym-
metry, coordination number, bond angles, phase transition
induced by hydrostatic pressure and bond distances was suc-
cessfully used to simulate its dynamical properties. From the
molecular dynamics simulation, dynamical Debye-Waller
factor, thermal expansion coefficient, pressure induced phase
transition, temperature, and pressure phonon anharmonicity
were correctly described, the last in excellent agreement with
Raman scattering experimental results.
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Il. MOLECULAR DYNAMICS CALCULATION 0.3
The molecular dynamics simulations were performed us- -
ing the full Parrinello-Rahman ensemBl@he details of the g 0.2
interatomic potential and all parameters used in the present %
simulation are described in Ref. 5, in which it was explored §01
mainly static properties and structural phase transitions in- Z
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duced by pressure and temperatutéere attention will fo- ; ) ) , ) ) )
cus on the dynamical behavior of the ions in the crystalline 200 300 400 500 600 700 800

. Temperature (K)
phase as a function of the temperature, at normal pressure
and also under high hydrostatic external pressure. From the gG. 1. (a) First peak of the pair distribution functic@®DP) of
atomic trajectory, furnished by the MD, it is possible to cal- sp-sp atoms in crystalline InSb for three different temperat(aes
culate all positional, angular and dynamical properties of thesoo, (b) 600, and(c) 900 K. (b) first derivative of the PDF for the
system. The velocity autocorrelation functi@n(t) is de-  three temperatureéc) squared atomic amplitude oscillation f@)
fined as In-In, (b) Sb-Sb, andc) In-Sb as a function of the temperature.
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TABLE |. Values of the physical constants obtained by molecular dynamics simulations and from the
literature. agp.gp @nans @n-sp, @re the mean thermal expansion coefficient between 300 and 900 K.
(0AXx?)/dT)p, is the temperature coefficient for the squared atomic amplitude oscillatigris the maxi-
mum of the optical band andi.,/dT)p and @w,,/dP)y are its temperature and pressure coefficient,
respectively. §w o/dT)p, (do1o/dT)p, (dw ol/dP)T, (dwto!IP) are the temperature and pressure fre-
quency coefficients for the longitudinal and transverse optical phonons, respectively.

Molecular dynamics Literature
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6N, [~ distances. The average values between 300 and 900 K
Ga(w)=-f;—f Z,(t)coq wt)dt. are agygy-10X1076 @, ,~14X10°% and aj.gp~2
0 %10 8 K1 for the cubic phas¢at 0 GPa

PR From the full width of the PDF was obtained the atomic
From the temperature dependence of the pair distribution " * .
function (PDPF), which gives the bond distance between pairosc'"at'on amplitude for In-Sb, In-In, and Sb-Sb atots

of atoms, the dynamical Debye-Waller factor and the therm s a fung:non O.f the temperature, as displayed in F@'%
expansion coefficient can be obtained. rom a linear fit approximation, the temperature coefficient

for Ax?, (JAx?)/dT)p, was obtained. The values are dis-
played in Table I. From these values, it can be determined the
ll. RESULTS AND DISCUSSION dynamical Debye-Waller factor by using the equation

Among the several static structural information that can
be obtained from the pair distribution functiaqi?DF) as
bond length, atomic bond angle distributions, crystalline
symmetry, and coordination numbers, in variation with the
temperature and pressure gives information about structurathered is the reticular spacing for the planes giving rise to
phase transitions. Moreover, the variation with the temperathe reflection under consideration.
ture furnish directly the thermal expansion coefficient while  Figure 2 displays the vibrational density of stateéw)
the width of the pair distribution function gives the atomic simulated at 0 GPa and 300 K, obtained by the Fourier trans-
oscillation amplitude, which permits to calculate the dynami-forms of the velocity-velocity correlation function and in
cal Debye-Waller factor. The data were obtained from thecomparison with the results obtained by the deformable bond
simulation in steps of 50 K, from 200 to 1100 K. In Figall. model(DBM),” the experimental Raman spectfliand with
it shows the evolution of the first peak of the PDF of Sb-Sbthe phonon dispersion curveThe result from MD fits very
distance for three temperatures 300, 600, and 900 K, at @ell the DBM and experimental results, reproducing the cor-
GPa, whose maximum peak position gives the Sh-Sb bonckct frequencies of the acoustical and optical bands. The
distance. From the zeros of the derivative of the first peaklower values of the frequencies obtained from MD simula-
displayed in Fig. tb), was obtained the thermal expansiontions can be attributed to the small number of particles
coefficient for Sb-Sb, and similarly for In-In and InSb (1000, since it sampled only around 80% of the high values

—47?(AX)?
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i t FIG. 3. (a) Vibrational density of state&(w) at 300, 600, and
2-d) 900 K. (b) (a) and (b) temperature dependence of the longitudinal
and transverse optical phonon frequencies from Raman scattering,
respectively andc) temperature dependence of the maximum of
G(w) in the optical range obtained by molecular dynamics simula-
tion. The full lines are linear fitting approximations.
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FIG. 2. (a) Vibrational density of state&(w) from the molecu-
lar dynamics simulation at 0 GPa and 300(K) Raman spectrum
of InSb, Ref. 8 G(w) from the deformable bond model, Ref.(€)
G(w) from the deformable bond model, Ref.(d) phonon disper-
sion curve for InSb, Ref. 9.

G(w) (arb. units)

of the wave vector side of the Brillouin zone, while Raman
scattering samples phonons at the center of the Brillouin
zone(phonon wave vectors~0). As the dispersion relation ¢
of the optical modes presents decreasing frequencies with
increasing phonon wave vectors, it is expected then lower
values of the phonon frequencies from the simulations. Fur-
thermore, the Raman scattering measurements from Ref. 8
were performed at low temperatuf@0 K), which shifts the
frequencies to higher values, standing out the differences.
Despite the computational limitation, the frequency value of
the maximum of the optical band is 170 ¢ near

175 cm'%, the average frequency value of the optical band
of InSh, at room temperatur8 A discussion on the average
optical frequencyw,, can be found in literature, which is
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FIG. 4. (a) Pressure dependence @{w), from molecular dy-

where k belongs to the first Brillouin zone andare the namics simulation ata) 1.0 GPa,b) 2.0 GPa(c) 3.0 GPa, andd)

optical branches. This equation describes the lattice dynany.2 Gpa(b) (a) and(b) pressure dependence of the longitudinal and

ics as an Einstein approximation, where the optical modegansverse optical phonon frequencies from Raman scattering, re-

are represented byNB oscillators vibrating at the same fre- spectively, from Ref. 12 an¢t) pressure dependence of the maxi-

quencywop.11 mum of G(w) in the optical range obtained by molecular dynamics
Figure 3a) shows the effect of the temperature variationsimulation. The full lines are linear fitting approximations.
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on G(w), for 300, 600, and 900 K. The simulations were IV. CONCLUSIONS
performed from 200 to 1100 K, in steps of 50 K. Figure)3 Summarizing, isoenthalpic-isobaric molecular dynamics
displays the temperature dependence of the longitudinal. ; 9 P y

(LO) and transverséro) optical phonon frequencies of InSh Simulations to study the pressure and temperature influence

obtained by Raman scattering experintrind the maxi- on dynamical properties of InSb was successfully performed

mum of the optical band of the density of states, from theUsing the effective potential which takes into account two

. . : o L and three body interactions. From the pair distribution func-
MD simulation. From a linear fitting approximation, the tem- _. . . . .
. tion, the thermal expansion coefficient was obtained, in ex-

perature frequency coefficientdd o/dT)p, (dw1o/dT)p, I d with th X val h h
and (wg,/dT)p are —0.026, —0.016, and —0.025 cellent accord with the experimental value. Furthermore, the

op P e B ' temperature dependence of the dynamical Debye-Waller fac-
tor was also obtained. From the vibrational density of states,
the temperature and pressure phonon anharmonicity was cor-
G(w): () h ic f hift to hiah ?ectly described, in excellent accord with results from Raman
sure onG(w): (i) an anharmonic frequency shift to hig scattering. As the interatomic potential describes very well

frhequg.nc'ehs up io 3.QtGPada(1@ a strlécéur?rll Cl:jb'c totprthrc:— static and dynamic properties of InSb, it can be used to simu-
rnompic phase transition, denounced by the dramatic changg, 5,q preview new properties in several different experi-

in G(w) at about 3.2 GPa. Figurgh) displays the pressure mental conditions
dependence of the longitudinal optical phonon of crystalline '
InSb from Raman scatterifigand of the maximum o6 (o).
From a linear fitting approximation, the pressure frequency
coefficients gw o/dP)t, (dwto/dP)t, and @wep/dP)t

are 4.2, 4.7, and 10 cnt GPa !, respectively. Finally, This work was partially supported by Fun@acde Am-
Table | summarizes all numerical values obtained from theparo a Pesquisa do Estado de &d@®aulo—FAPESP and
present simulation, showing also the experimental value€onselho Nacional de Desenvolvimento Cigoti e

cm 1 K1, respectively.
Figure 4a) shows the dependence of td w) with the
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