PHYSICAL REVIEW B 66, 214111 (2002

Structural phase transformation in InSb: A molecular dynamics simulation
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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 Spinitially in a cubic box of sideL=32.397 A. 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 vaBieséfa.

Pair distribution function, coordination number, volume change, and bond angle distributions are presented and
compared with experimental available data.

DOI: 10.1103/PhysRevB.66.214111 PACS nunider61.20.Ja, 61.43.Bn, 61.43.Dq, 62.50.

[. INTRODUCTION failure or success of a simulation. There are tens of empirical
interaction potentials which have been used to describe el-
The study of the influence of pressure and temperature oemental semiconductors, metals, IlI-V and 1I-VI semicon-
the properties of materials is very interesting since it carductors, and more complex systethd? Among all these
furnish information about phase transitions. In particular, ex-empirical interaction potentials we choose the interaction po-
periments in semiconductors under high-pressure conditiongntial proposed by Shimojet al.® which has been used to
have been done since the 196Qgany of the Ill-V semi-  describe several different systefds!® The total interaction

conductors undergo a semiconductor-to-metal transition Unyotential consist of effective two-body and three-body terms
der high pressure. Among then, InSb is one that present the

lowest-pressure-induced structural transformation. In the

1970s x-ray diffraction was used to study the structural trans- D= VO(ri)+ > VO(r ry). (1)

formation in indium antimonide up to 2.8 GP&'In the next ) ==k

decade Vanderborgtt al, using energy-dispersive x-ray dif- The two-body interaction reads as

fraction, studied this system up to 66 GPaost of the

experimental results indicated that its cubic structure, at Hap Zaﬁe*”A Daﬁe*”§ W,z

room temperature, transforms either to a mixturePaf (te- V()= [ Tap + r C op4 6

tragonal B-tin structur¢ and P3 (orthorhombig phases at

~2.1 GPa, followed by a single-pha®8 and before crys- where the first term takes into account stereometric repulsion

tallizing in theP4 orthorhombic phase, or directly transform (with parametersi ,; and»,z), the second term is the Cou-

to P4 at~3.0 GPa. Recently, Nelmes al® reexamined, by lomb interaction due to charge transfer between ions, the

using an angle-dispersive powder-diffraction technique on #hird term is the charge-dipole interaction due to the large

synchrotron source, the structural transformation in InSb uglectronic polarizability of anions, and the last one is the van

to 5 GPa, showing that the established pressure-temperatudler Waals(dipole-dipolg type interaction. The three-body

(P-T) phase diagram was incorrect. Finally, further interaction, necessary to take into account covalent effects, is

experimentéhave shown that the phaBe, in fact, does not a modified Stillinger-Webét type potential given by

exist, but is an orthorhombic phase. On the other hand, from

the theoretical point of view, there are some pseudopotential \,3),, , \_pn F{ Y Y }
. e . . ) V) (riirik) = Bijjkex

and first-principle density functional total energy calculations J J

studies of this material. However, these calculations are per-

@

lj—ro Tik—ro

formed at a structural ground-state configurafiotf. % (cosfij — cog Gij))* O(ro—r)

In this paper we report the results of an isoenthalpic- 1+ C(cosb;j, —cog b ))? o
isobaric molecular dynamic§MD) simulation of the
pressure-induced structural transformation in InSbh, up to 6 XO(ro—rix), (€)
GPa, based on an effective two- and three-body interactioghere By« is the strength of the interaction®(rg

potential. —rij)O(ro—ry) are step functiong,6;;x) is a constant, and

0ij« is the angle between;andr;, . The screenings in the
Coulomb and in the charge-dipole interactions are introduced
in order to avoid the long-range calculations in these inter-
The central core of a molecular dynamics simulation isactions. The range of screening parameters was fixed in
the choice of the interatomic potential, which determines the=5.0 A and¢=3.75 A, and the two-body potential is trun-

II. INTERACTION POTENTIAL AND MOLECULAR
DYNAMICS CALCULATION
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TABLE |. Experimental(Refs. 23 and 24and molecular dy- TABLE II. Parameters used in the interaction potential for InSb.
namics values of the lattice parameter, elastic constants, bulk modu-, &,r in angstroms and the energies in erg.
lus, cohesive energy, and melting temperature for InSb.

In-In In-Sb Sh-Sbh
Experiment  Molecular dynamics o 7 o
Hap 5.5933x10° 10 2.4105<10 ® 1.2022<10°®

Lattice paramete(A) 6.4794 6.4794 Zop 0.8682%2 —0.8682%7 0.8682%?
Elastic constantéGP3 D.s 0 2.6047@* 5.2095%?
Cn 65.76 65.7 W, 0 14.53%< 1010 0
Cio 35.65 35.6 Nag 7 9 7
Cys 29.83 25.2 A=5.0 £=3.75 leut=7.5 e=electron charge
Bulk modulus 45.73 45.63
Cohesive energyeV/N) 2.80 2.795
Melting temperatureK) 800 130650 degree kelvin the ground-state zinc-blende structure is stable.

Figure 1 shows the total energy per particle as a function
of temperature. The discontinuity in energy around 1300
cated atr,=7.5 A. The interaction potential for<r. is =50 K characterizes the calculated melting transition. The
shifted as usua®?®in order to have the value and its first highest value of the melting temperature obtained from the
derivative continuous at the cutoff length. From other simu-MD simulation could be attributed to the periodic boundary
lations using this type of potentfdl**?*we took the expo- conditions imposed on the system.
Nents7inin» insh, @nd7spspto be 7, 9, and 7, respectively. To simulate the pressure effects on InSb, for each applied
The remaining constants were determined from the cohesivieressure, after the system has been very well thermalized,
energy, elastic constant, bulk modulus, and melting temperaaverages were taken over additional 20 000 time steps. In
ture. this study the temperature of the system was set to be 900 K.

The molecular dynamics simulations were performed inln Fig. 2 we show, at 3.0 GPa, the time evolution of the MD
the HPN ensemble(Parrinello-Rahman, which allows Ccell vectors. Up to 2.8 GPa the MD cell is cubic, and the
changes of the size and shape of the simulation,boi a  System remains zinc-blende four-fold coordinated. Around
system consisting of 1000 particlés00 In + 500 Sb. Ini- 3.0 GPa the structural transformation occurs, as can be see-
tially the particles were arranged in a cubic zinc-blendeing by the changes in the MD lengths, L,, andL3. This
structure at actual density, with zero external pressure. Th#ansformation was also confirmed by the changes in the
system was then heated until temperature reaches 900 Rond length, In-Sb and first neighbors Sb-Sb and In-In, as a
when we start applying external pressure in a rate of 0.2 GP&Inction of pressure. The increase in In-Sh bond length is
per 50000 time steps, up to 6.0 GPa. For all applied presfollowed by the increase of coordination number, as dis-
sures the temperature was kept constant at that value by sc@layed in Fig. 3, which clearly confirms the structural trans-
ing the Ve|0city of partides every 100 time Steps_ formation from a fourfold- to sixfold-coordinated ortho-

For each applied external pressure, the system was theitombic structure under pressure. Similar results have being
malized by 50 000 time steps of 2.5 fs, and the phase spaé®tained for other materials such as GaAs and SiC, using the
has been examined in order to provide two-body structural
correlations through pair distribution function and coordina- -2 T T T T
tion numbers, as well as three-body correlations through
bond-angle distributions. It is known that the time scale for
volume and shear fluctuations in the simulation ought to be - .
on the order of a few vibrational periods; hence, they are by I °
definition orders of magnitude smaller than experimental .
(seconds Nevertheless, the phase transition may well occur Do
very rapidly, as we discuss below. To determine the melting
temperature, starting from the cubic zinc-blende structure,
the system was heated at constant zero external pressure up
to 1500 K. For each temperature the system was allowed to L °
relax for 50 000 time steps. .

E/N (eV)

IIl. RESULTS AND DISCUSSION i b

The experimental values of the physical constants shown 26 1
in the Table | were used to calibrate the interaction potential, L L L
that is, to adjust the parameters used in E@s.and (3). 800 1000 1200 1400 1600
Once the results fr_om the simulations rgproduce_well these Temperature (K)
values, the potential parameters are fixed to simulate all
other properties. The values of the potential parameters for FIG. 1. Energy per particle as a function of the temperature. The
InSb are also displayed in Table Il. At zero pressure and zerdotted lines at about 1300 K indicate the melting temperature.
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FIG. 4. Changes of the reduced volume as a function of the

FIG. 2. The time evolution of the molecular dynamics cell vec- hydrostatic pressure. Open circles from Ref. 5 and solid squares

tors, showing the structural phase transition from cubic to orthofrom the molecular dynamics simulation. The dotted line indicates
rhombic. the structural phase transition.

same functional form for the interaction potential. 19.3%, but larger than that reported by Vanderboeglal”

A comparison of experimental and MD results for the 17.1%.
volume-pressure relationship for InSb is shown in Fig. 4. An  The three-body correlations were analyzed through the
excellent agreement of the MD results, in a wide range oPond-angle distribution. Figure 5 displays the Sb-In-Sb
pressure, can be observed. The volume reduction due f@Pnd-angle distribution at 2.8 and 3.0 GPa. At pressures be-
compression, just before the transition, at 2.8 GPa is 8§25 low the structural transition the bond angle is peaked at 109 °
(V, is the volume at ambient pressyrevhich agrees very (internal tetrahedral angleand at the transition this angle
well with experimenta| results of 09‘30 The volume re- moves to 90° and 180°, characteristic of an orthorhombic
duction due to the structural transformation was found to bdhase. These results clearly demonstrate that the structural

19.7%, which also agrees very well with the experimentafransformation from a tetrahedrally fourfold-coordinated
result reported by Nelmestal.® 19.5%, and Yuetal,* structure goes to an octahedrally sixfold-coordinated struc-
ture under pressure.
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FIG. 3. The In-Sb pair distribution functiotheft) and coordina-
tion number(right) around In and Sb atoms for pressures just before  FIG. 5. Sb-In-Sb bond angle at pressures just before and after
and after the structural transformation. Solid circles at 2.8 GPa anthe structural transformation. Open squares at 2.8 GPa and stars at
open squares at 3.0 GPa. 3.0 GPa.
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IV. CONCLUSIONS correctly reproduced. This potential can be than used to

In conclusion. we have performed a Parrinello RahmanSimUIate and preview several structural and dynamics prop-
' P rties of InSb as a function of temperature and pressure,

molecular dynamics simulations for the pressure-induce . i~ . .
structural transformation in InSb using the effective potential cluding conditions not yet realizable experimentally.

which takes into account two- and three-body interactions.
The zinc-blende to orthorhombic structural transformation is
very well described, in excellent agreement with experimen-
tal observation. The calculated volume changes, before and This work was partially supported by Fun@acde Am-
after transformation, are also in excellent agreement wittparo aPesquisa do Estado decsRaulo—FAPESP and Con-
those observed in experiments. Furthermore, structural paelho Nacional de Desenvolvimento Cidicb e
rameters such as bond length and coordination number afecnolaico—CNPq.
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