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First-principles molecular dynamics simulations of
structural phase transitions in Si
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Constant-pressure first-principles molecular dynamics simulations were carried out to study structural phase transitions
of silicon. In compression processes, two types of structural transformations were realized depending on transition
pressures. One is the transition from the diamond to the simple hexagonal (sh) structure and another, from the
diamond to the bcc structure. In a decompression process, the fcc structure was transformed to the sh one. Though
our results are not entirely consistent with experimental results, phase transitions are well realized considering our
small system size and crude electronic state calculations.

Introduction

Crystalline silicon has various structures according to pres-
sure and/or temperature.1) The diamond structure is stable
at room temperature and atmospheric pressure. However, at
higher pressure, many other structures are observed in ex-
periment. At 11GPa, the diamond structure changes to the
β-tin structure and at 16GPa, β-tin changes to the simple
hexagonal (sh) structure. At higher than 40GPa, the hcp
structure and than 80GPa, the fcc structure is observed, re-
spectively. It is considered that the electronic state plays an
important role in structural transformations of Si.

In this report, structural transformations induced by pressure
changes of crystalline Si are investigated via first-principles
molecular dynamics (FP-MD) simulations at constant-pressure
and constant-temperature. The electronic state is explicitly
considered in FP-MD, so that structural transformations in
covalent and metallic system will be realized in dynamical
simulations. To carry out these simulations, we employed
the combination of the Car-Parrinello (CP) method 2) and
the Parrinello-Rahman (PR) method.3)

Computational method

It is essential to employ the PR method for investigations
of structural transformations in MD simulations. In the PR
method, changes of shape of a simulation unit cell are al-
lowed and three edge vectors of a unit cell are regarded as
dynamical variables. We combine this method with the CP
method (this is often referred to as the constant-pressure CP
method.4)). Electronic wave functions for occupied valence
states were only considered and expanded in a plane wave ba-
sis. The sampling point in the Brillouin zone is restricted to
Γ point only. The electron-ion interaction was described by a
norm-conserving pseudopotential5) with a separable form.6)

The exchange and correlation energy was calculated within
the local density approximation (LDA) and parameterized
form by Perdew and Zunger 7) was used. Our simulation cell
contained 64 atoms and temperature of atoms was kept to
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300K throughout MD runs by a Nosé-Hoover thermostat.8,9)

Results

We report three simulation results of structural transforma-
tions. Two of them are in compression processes and one in
a decompression process.

The simulation accompanying a compression process was
started with the diamond structure. Cutoff energy Ecut of
a plane wave basis was 20Ry and external pressure was set
to 0GPa. At this pressure, we confirmed that the diamond
structure was kept stable in our system. After equilibra-
tion in the diamond structure, pressure was raised to 14GPa
instantaneously. In experiment, a phase transition from di-
amond to the β-tin structure occurs around this pressure.
However, no structural change was observed during the sim-
ulation. After ∼ 1ps from this compression, pressure was
again raised up to 26GPa. At the moment, the simulation
cell began to deform and a structural phase transition oc-
curred. We analyzed the transformed structure and found
that it is almost the sh structure, but it contains a defect.
Radial distribution function g(r) for this structure was calcu-
lated and this reveals clearly a characteristic feature of the sh
structure. g(r) for the diamond structure (before compres-
sion) and for the transformed structure (after compression)
are shown in Fig. 1. There is some difference between the
transformed and ideal sh structures in g(r). This may be
caused by a defect found in one hexagonal layer. From a
detailed analysis, it is found that one particle is excessive to
form the ideal sh in our simulation cell, and is located within
a hexagonal layer accompanying distortion around the parti-
cle.

Another type of a structural transformation is found in a
compression process up to 38GPa (0GPa → 14GPa →
38GPa). This simulation was carried out employing 12Ry
Ecut. At 14GPa, the diamond structure was still kept just
as the previous result. However, when external pressure was
raised up to 38GPa, a drastic phase transition was observed.
g(r) for the transformed structure is shown in Fig. 2. There
is no defect in the transformed structure and this structure
corresponds to the bcc structure almost perfectly. This bcc

94



(peak position)

0
1
2
3
4
5
6
7
8
9

10

0 2 4 6 8 10
r (a.u.)

0GPa

0

1

2

3

4

5

6

0 2 4 6 8 10
r (a.u.)

26GPa
sh

Fig. 1. Radial distribution function g(r) at 0GPa in diamond (upper
panel), and at 26GPa in the transformed structure (lower panel)
is shown, respectively. Peak positions expected from the ideal sh
structure are shown by short vertical lines.
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Fig. 2. g(r) obtained at 38GPa. Peak positions expected from the ideal
bcc structure are shown by short vertical lines.

structure is very stable though it is not observed in experi-
ment.

A decompression simulation was started with the fcc struc-
ture at 90GPa employing 12Ry Ecut. It is confirmed that the
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Fig. 3. g(r) obtained in the decompression simulation. g(r) at 90GPa in
fcc (upper panel), and at 38GPa in the transformed structure (lower
panel) is shown, respectively. Peak positions expected from the ideal
sh structure are shown by short vertical lines.

fcc structure was stable at 90GPa. After equilibration in fcc,
pressure was reduced to 38GPa instantaneously and a struc-
tural transformation was observed. We analyzed this trans-
formed structure in detail and found that it is the sh structure
accompanying slight deformation. g(r) for the fcc structure
(before decompression) and for the transformed structure (af-
ter decompression) are shown in Fig. 3. g(r) for the latter cor-
responds to the sh structure almost perfectly, though small
displacement is found in stacking of hexagonal layers.

Discussion and conclusion

The results of three simulations with structural transforma-
tions were reported. In two compression processes, different
transformed structures were obtained depending on the tran-
sition pressures (26 and 38GPa, respectively). In the trans-
formed structure obtained at 26GPa, the ideal sh structure
can be found by excluding an interstitial defect particle. In
our preliminary calculation, total energy of this structure is
lowered about 2mRy/atom by excluding the defect particle.
The transition from the diamond to bcc structure at 38GPa
was also observed in another simulation. The bcc structure
is not observed in experiment and more accurate electronic
calculations show that the energy of bcc is higher than that
of sh and hcp around 40GPa. Therefore, we consider that
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this transition is primarily caused by our poor electronic state
calculations. In the decompression process, the fcc was trans-
formed to sh structure. In this transformed structure, hexag-
onal layers are stacked just as sh but with small displacement.

These results show that the mechanism of FP-MD combined
with the PR method worked well. Considering our small
system size and crude electronic state calculations, we con-
clude that structural phase transitions were well realized by
constant-pressure FP-MD. The discrepancy between simula-
tions and experimental results will be reduced by electronic
state calculations with higher accuracy.
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