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Structural phase transformation in InSb: A molecular dynamics simulation

S. C. Costa, P. S. Pizani, and J. P. Rino*
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An isoenthalpic-isobaric molecular dynamics simulation was used to study the structural properties of
crystalline InSb, based on an effective interaction potential. The interaction potential consists of an effective
pair potential which takes into account atomic-size effects and charge-charge, charge-dipole, dipole-dipole, and
three-body interactions, the last needed to describe bond bending and bond stretching. The system consists of
1000 particles~500 In and 500 Sb! initially in a cubic box of sideL532.397 Å. The simulation of the
pressure-induced structural transformation was done at fixed temperature, with the external pressure increasing
in steps of 0.2 GPa up to 6.0 GPa. The phase transformation from fourfold-coordinated zinc-blende to sixfold-
coordinated orthorhombic structure is successfully reproduced at the correct experimental value of;3 GPa.
Pair distribution function, coordination number, volume change, and bond angle distributions are presented and
compared with experimental available data.
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I. INTRODUCTION

The study of the influence of pressure and temperature
the properties of materials is very interesting since it c
furnish information about phase transitions. In particular,
periments in semiconductors under high-pressure condit
have been done since the 1960s.1 Many of the III-V semi-
conductors undergo a semiconductor-to-metal transition
der high pressure. Among then, InSb is one that presen
lowest-pressure-induced structural transformation. In
1970s x-ray diffraction was used to study the structural tra
formation in indium antimonide up to 2.8 GPa.2–4 In the next
decade Vanderborghet al., using energy-dispersive x-ray dif
fraction, studied this system up to 66 GPa.5 Most of the
experimental results indicated that its cubic structure,
room temperature, transforms either to a mixture ofP2 ~te-
tragonalb-tin structure! and P3 ~orthorhombic! phases at
;2.1 GPa, followed by a single-phaseP3 and before crys-
tallizing in theP4 orthorhombic phase, or directly transfor
to P4 at;3.0 GPa. Recently, Nelmeset al.6 reexamined, by
using an angle-dispersive powder-diffraction technique o
synchrotron source, the structural transformation in InSb
to 5 GPa, showing that the established pressure-temper
(P-T) phase diagram was incorrect. Finally, furth
experiments7 have shown that the phaseP2, in fact, does not
exist, but is an orthorhombic phase. On the other hand, f
the theoretical point of view, there are some pseudopoten
and first-principle density functional total energy calculatio
studies of this material. However, these calculations are
formed at a structural ground-state configuration.8–10

In this paper we report the results of an isoenthalp
isobaric molecular dynamics~MD! simulation of the
pressure-induced structural transformation in InSb, up t
GPa, based on an effective two- and three-body interac
potential.

II. INTERACTION POTENTIAL AND MOLECULAR
DYNAMICS CALCULATION

The central core of a molecular dynamics simulation
the choice of the interatomic potential, which determines
0163-1829/2002/66~21!/214111~4!/$20.00 66 2141
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failure or success of a simulation. There are tens of empir
interaction potentials which have been used to describe
emental semiconductors, metals, III-V and II-VI semico
ductors, and more complex systems.11,12 Among all these
empirical interaction potentials we choose the interaction
tential proposed by Shimojoet al.,13 which has been used t
describe several different systems.14–18 The total interaction
potential consist of effective two-body and three-body ter

F5(
i a j

V(2)~r i j !1 (
i a j ak

V(3)~r i j ,r ik!. ~1!

The two-body interaction reads as

V~r !5
Hab

r hab
1

Zabe2r /l

r
2

Dabe2r /j

2r 4
2

Wab

r 6
, ~2!

where the first term takes into account stereometric repuls
~with parametersHab andhab), the second term is the Cou
lomb interaction due to charge transfer between ions,
third term is the charge-dipole interaction due to the la
electronic polarizability of anions, and the last one is the v
der Waals~dipole-dipole! type interaction. The three-bod
interaction, necessary to take into account covalent effect
a modified Stillinger-Weber11 type potential given by

V(3)~r i j r ik!5Bi jkexpF g

r i j 2r 0
1

g

r ik2r 0
G

3
~cosu i jk2coŝ u i jk&!2

11C~cosu i jk2coŝ u i jk&!2
Q~r 02r i j !

3Q~r 02r ik!, ~3!

where Bi jk is the strength of the interaction,Q(r 0
2r i j )Q(r 02r ik) are step functions,̂u i jk& is a constant, and
u i jk is the angle betweenr i j and r ik . The screenings in the
Coulomb and in the charge-dipole interactions are introdu
in order to avoid the long-range calculations in these int
actions. The range of screening parameters was fixed il
55.0 Å andj53.75 Å, and the two-body potential is trun
©2002 The American Physical Society11-1
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cated atr c57.5 Å. The interaction potential forr ,r c is
shifted as usual,19,20 in order to have the value and its fir
derivative continuous at the cutoff length. From other sim
lations using this type of potential13,14,21we took the expo-
nentsh InIn , h InSb, andhSbSbto be 7, 9, and 7, respectively
The remaining constants were determined from the cohe
energy, elastic constant, bulk modulus, and melting temp
ture.

The molecular dynamics simulations were performed
the HPN ensemble~Parrinello-Rahman, which allow
changes of the size and shape of the simulation box!,22 in a
system consisting of 1000 particles~500 In 1 500 Sb!. Ini-
tially the particles were arranged in a cubic zinc-blen
structure at actual density, with zero external pressure.
system was then heated until temperature reaches 90
when we start applying external pressure in a rate of 0.2 G
per 50 000 time steps, up to 6.0 GPa. For all applied p
sures the temperature was kept constant at that value by
ing the velocity of particles every 100 time steps.

For each applied external pressure, the system was
malized by 50 000 time steps of 2.5 fs, and the phase sp
has been examined in order to provide two-body structu
correlations through pair distribution function and coordin
tion numbers, as well as three-body correlations throu
bond-angle distributions. It is known that the time scale
volume and shear fluctuations in the simulation ought to
on the order of a few vibrational periods; hence, they are
definition orders of magnitude smaller than experimen
~seconds!. Nevertheless, the phase transition may well oc
very rapidly, as we discuss below. To determine the melt
temperature, starting from the cubic zinc-blende structu
the system was heated at constant zero external pressu
to 1500 K. For each temperature the system was allowe
relax for 50 000 time steps.

III. RESULTS AND DISCUSSION

The experimental values of the physical constants sho
in the Table I were used to calibrate the interaction poten
that is, to adjust the parameters used in Eqs.~2! and ~3!.
Once the results from the simulations reproduce well th
values, the potential parameters are fixed to simulate
other properties. The values of the potential parameters
InSb are also displayed in Table II. At zero pressure and z

TABLE I. Experimental~Refs. 23 and 24! and molecular dy-
namics values of the lattice parameter, elastic constants, bulk m
lus, cohesive energy, and melting temperature for InSb.

Experiment Molecular dynamics

Lattice parameter~Å! 6.4794 6.4794
Elastic constants~GPa!
C11 65.76 65.7
C12 35.65 35.6
C44 29.83 25.2
Bulk modulus 45.73 45.63
Cohesive energy~eV/N! 2.80 2.795
Melting temperature~K! 800 1300650
21411
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degree kelvin the ground-state zinc-blende structure is sta
Figure 1 shows the total energy per particle as a funct

of temperature. The discontinuity in energy around 13
650 K characterizes the calculated melting transition. T
highest value of the melting temperature obtained from
MD simulation could be attributed to the periodic bounda
conditions imposed on the system.

To simulate the pressure effects on InSb, for each app
pressure, after the system has been very well thermali
averages were taken over additional 20 000 time steps
this study the temperature of the system was set to be 90
In Fig. 2 we show, at 3.0 GPa, the time evolution of the M
cell vectors. Up to 2.8 GPa the MD cell is cubic, and t
system remains zinc-blende four-fold coordinated. Arou
3.0 GPa the structural transformation occurs, as can be
ing by the changes in the MD lengthsL1 , L2, andL3. This
transformation was also confirmed by the changes in
bond length, In-Sb and first neighbors Sb-Sb and In-In, a
function of pressure. The increase in In-Sb bond length
followed by the increase of coordination number, as d
played in Fig. 3, which clearly confirms the structural tran
formation from a fourfold- to sixfold-coordinated ortho
rhombic structure under pressure. Similar results have be
obtained for other materials such as GaAs and SiC, using

u-
TABLE II. Parameters used in the interaction potential for InS

l,j,r c in angstroms and the energies in erg.

In-In In-Sb Sb-Sb

Hab 5.5933310210 2.410531028 1.202231028

Zab 0.86825e2 20.86825e2 0.86825e2

Dab 0 2.60476e2 5.20951e2

Wab 0 14.539310210 0
hab 7 9 7
l55.0 j53.75 r cut57.5 e5electron charge

FIG. 1. Energy per particle as a function of the temperature. T
dotted lines at about 1300 K indicate the melting temperature.
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same functional form for the interaction potential.
A comparison of experimental and MD results for t

volume-pressure relationship for InSb is shown in Fig. 4.
excellent agreement of the MD results, in a wide range
pressure, can be observed. The volume reduction du
compression, just before the transition, at 2.8 GPa is 0.92V0
(V0 is the volume at ambient pressure!, which agrees very
well with experimental results of 0.93V0. The volume re-
duction due to the structural transformation was found to
19.7%, which also agrees very well with the experimen
result reported by Nelmeset al.,6 19.5%, and Yuet al.,4

FIG. 2. The time evolution of the molecular dynamics cell ve
tors, showing the structural phase transition from cubic to ort
rhombic.

FIG. 3. The In-Sb pair distribution function~left! and coordina-
tion number~right! around In and Sb atoms for pressures just bef
and after the structural transformation. Solid circles at 2.8 GPa
open squares at 3.0 GPa.
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19.3%, but larger than that reported by Vanderborghet al.5

17.1%.
The three-body correlations were analyzed through

bond-angle distribution. Figure 5 displays the Sb-In-
bond-angle distribution at 2.8 and 3.0 GPa. At pressures
low the structural transition the bond angle is peaked at 10
~internal tetrahedral angle!, and at the transition this angl
moves to 90° and 180°, characteristic of an orthorhom
phase. These results clearly demonstrate that the struc
transformation from a tetrahedrally fourfold-coordinat
structure goes to an octahedrally sixfold-coordinated str
ture under pressure.

-
-

e
d

FIG. 4. Changes of the reduced volume as a function of
hydrostatic pressure. Open circles from Ref. 5 and solid squ
from the molecular dynamics simulation. The dotted line indica
the structural phase transition.

FIG. 5. Sb-In-Sb bond angle at pressures just before and a
the structural transformation. Open squares at 2.8 GPa and sta
3.0 GPa.
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IV. CONCLUSIONS

In conclusion, we have performed a Parrinello-Rahm
molecular dynamics simulations for the pressure-indu
structural transformation in InSb using the effective poten
which takes into account two- and three-body interactio
The zinc-blende to orthorhombic structural transformation
very well described, in excellent agreement with experim
tal observation. The calculated volume changes, before
after transformation, are also in excellent agreement w
those observed in experiments. Furthermore, structural
rameters such as bond length and coordination number
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