
PHYSICAL REVIEW B VOLUME 40, NUMBER 5 15 AUGUST 1989-I

Molecular-dynamics study of anharmonic effects in silicon
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Molecular-dynamics calculations have been performed to study the temperature-dependent
linewidths and frequency shifts of selected phonon modes in Si. The results obtained are in excel-
lent agreement with experimental data. Interatomic forces in the calculations are obtained by an
empirical tight-binding model with parameters determined completely by first-principles electronic
structure and total-energy calculations.

The success of density-functional theory in predicting
ground-state properties of solids has paved the way for
parallel studies of finite-temperature systems. Recently,
Car and Parrinello' proposed a scheme combining both
the accurate description of the interatomic forces
through density-functional theory and the power of the
molecular-dynamics techniques for applications to finite-
temperature systems. However, applications of this
scheme to study temperature-d. ependent phenomena of
real systems have been limited by the large computational
effort required. We have developed a molecular-
dynamics scheme based on a tight-binding description of
the electronic structure that is more efficient than the
original Car-Parrinello scheme. In this paper, we will de-
scribe an application of this scheme to study phonon fre-
quency shifts and linewidths in bulk Si.

The temperature-dependent anharmonic effects in sil-
icon are important in technical applications and serve as
primary examples for understanding the anharmonic in-
teractions in other solids. While many experimental
studies on the subject have been reported, predictions
based on theoretical calculations are scarce. Previous
theoretical work was based on perturbation theory with
empirical anharmonic force constants fitted to experi-
mental data. ' While molecular-dynamics (MD) simula-
tion is a natural tool to study this problem, applications
to silicon require an accurate description of the anhar-
monic interactions at finite temperature.

Applications of the Car-Parrinello scheme are limited
to short simulation times and a small number of atoms
for two reasons: the use of plane waves to expand the
electronic wave function requires a large basis set and the
introduction of the electronic degrees of freedom in the
simulation limits the time step to be —10 times smaller
than in traditional molecular-dynamics studies. Very re-
cently, we have developed a molecular-dynamics scheme
treating the electronic calculation by an empirical tight-
binding (ETB) method rather than by the density-
functional method. Although less rigorous, the empiri-
cal tight-binding calculation uses only a few atomic orbit-
als for each atom to represent the electronic states. Also
the electronic degrees of freedom are not explicitly in-
cluded in the simulation, allowing larger time steps to be
used. %'e will show that such an approach makes possi-
ble the quantitative calculation of various anharmonic

efFects in silicon.
Our empirical tight-binding molecular-dynamics

(ETBMD) scheme models the interatomic forces in Si by
expressing the total potential energy of the system as the
sum of a "band-structure" energy consisting of the sum
of the eigenvalues for the occupied part of the electronic
structure and a short-ranged nearest-neighbor two-body
potential, i.e.,

The band-structure energy, Eb„ for X Si atoms at
r„.. . , r& is calculated by Chadi's empirical orthogonal
tight-binding model for Si. The two-body potential
P(r;J) is then determined by the difFerence between the
first-principles calculated volume-dependent total energy
and the ETB calculated volume-dependent band-
structure energy of Si in the diamond structure. The pro-
cedure allows the interatomic forces to be determined at
the microscopic level through first-principles total-energy
and electronic structure calculations without resorting to
fitting experimental data. The model includes many-body
interactions through the electronic forces coming from
the derivatives of Eb, (via the Hellmann-Feynman
theorem). This has an advantage over various classical
interatomic potential schemes' ' as the quantum-
mechanical nature of the electronic bonding enters natu-
rally into our model. Previous studies showed that the
model not only provides a good description for Si at
T=O, ' but is also able to stabilize the diamond struc-
ture in Si over a reasonable temperature range (at least up
to 1035 K) and gives correct thermal-expansion behavior
and the correct high-temperature specific heat. Some
T =0 dynamical properties of Si from our previous study
bSsed on the same model potential are listed in Table I
for the purpose of later reference. Other details are con-
tained in another report.

In the present study, we investigate the effect of anhar-
monicity on the temperature-dependent phonon frequen-
cy shifts and phonon linewidths in the crystalline solid.
These quantities are calculated through the phonon spec-
tral intensity which is the Fourier transform of the
velocity-velocity autocorrelation function in the
molecular-dynamics simulation, ' that is,
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TABLE I. Empirical tight-binding calculations of phonon frequencies and Gruneisen parameters for
a few selected modes in Si at zero temperature.

Si

Phonon frequency (THz)
ETB with 64 atoms
ETB with 216 atoms
Experiment'

Gruneisen parameter
ETB with 64 atoms
ETB with 216 atoms
Experiment

'Reference 15.
Reference 16.

LTO(I )

16.95
16.70
15.53

0.98
0.99
0.98

TA(X)

4.96
4.96
4 49

—1.12
—1.13
—1.40

TO(X)

14.71
14.68
13.90

1.37
1.42
1.50

LOA(X)

12.37
12.33
12.32

1.02
1.03

-0.90

—.K R„(v„(t)vo(0))
g(K, co)= f dt e' 'pe

& v„(0) v, (0) &

' (2)

We report below results with K=(1,1,1)2m/a for the
optical modes at I, and K=(0,0, 1)2m. /a for the modes at
X. The microcanonical molecular-dynamics simulation is
performed with 64 atoms in a cubic "box." Some simula-
tions have been performed with 128 atoms in a tetragonal
box for the purpose of testing finite-size effects. Periodic
boundary conditions are applied. The volume of the MD
cell is fixed at a given temperature but it is allowed to
change according to the thermal expansion behavior
determined in previous calculations for different temper-

atures. The I point was used to evaluate the electronic
structure and Hellmann-Feynman forces in the course of
the simulations. The sufficiency of using only a single k
point is justified by tests with bigger unit cells (see Table I
and Ref. 7). The time step used in the simulation is
1.07 X 10 ' s, which conserves the total energy to an ac-
curacy of 4X 10 eV or better over 18000 MD steps at
T =100 K. At each temperature, about 7000 MD steps
are used to reach thermal equilibrium followed by 16 384
steps (corresponding to a total time period of 17.5 ps) to
evaluate the velocity-velocity correlation function and
the phonon spectral intensities. The frequency resolution
of the calculated phonon spectra is about 1.3 cm
which is the typical resolution of optical experiments.

Typical molecular-dynamics phonon spectra are shown
in Fig. 1 corresponding to K=(1,1,1)2'/a at T =100,
470, 720, and 1035 K. We have identified the main peak
in the spectra as the optical modes at I, i.e., the LTO(I )

mode. ' Besides that main peak, there are two visible
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FIG. 1. Molecular-dynamics results of the temperature-
dependent spectral intensity of the LTO(I ) mode in silicon.

FIG. 2. Temperature dependence of frequency shift of the
LTO(I') mode in silicon. The experimental data are taken from
Ref. 4. The molecular-dynamics results have been renormalized
with respect to the experimental data at T = 100 K.
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FIG. 3. Temperature dependence of linewidth of the LTO(I )

mode in silicon. The experimental data are taken from Ref. 4.

side peaks centered about 0.5 THz away from the main
peak present at all temperatures. However, by changing
the size of the MD sample from 64 to 128 atoms, we
found that while the position of the main peak has been
shifted down about 0.15 THz due to the efFects of
different k points sampled, the absolute positions of the
two side peaks remain unaffected. It seems the side peaks
are unrelated to the main peak and may be due to the
two-phonon states which will be the subject of a future
investigation.

It is clear that the main peak in Fig. 1 displays both a
shift in frequency and a broadening in linewidth as the
temperature is increased. From the spectra we can ob-
tain the frequency shift and the phonon linewidth as a
function of temperature. In Figs. 2 and 3, we show the
temperature dependence of the frequency shift and
linewidth of the LTO(I ) mode of Si calculated from our
molecular-dynamics simulation and compared with the
experimental values obtained from Raman-scattering ex-
periments. The agreement between the present theory
and experiment is very good. It should be emphasized
that in the present calculations, all the parameters are
determined by first-principles electronic structure and
total-energy calculations —no input from any experimen-
tal data has been used. The temperature dependence of
the frequency shifts of other modes at the zone boundary
X (see Fig. 4) and L (not shown in this paper) from the
present calculation also compare very well with the re-
sults from two-phonon Rarnan-scattering experiments.
Results from tests of size effects as shown in the same
figures (the crosses in Figs. 2 and 3) indicate that the pho-
non frequency shifts and linewidths are well converged
with respect to the size of our unit cell and that, while a
larger size supercell will provide better agreement with

experiment, a cell of 64 atoms is sufticient for providing
meaningful results.

The temperature dependence of each phonon frequen-
cy can be separated into a quasiharmonic contribution
coming from thermal expansion and another part coming
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FIG. 4. The contribution of thermal expansion to the fre-
quency shifts (the open circles) and the total frequency shifts
(the solid circles) of some selected modes of silicon as a function
of temperature.
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from anharmonic interactions between phonons. ' By
performing T =0 frozen phonon calculations with lattice
constants equal to the values actually used in the
molecular-dynamics simulations at the various tempera-
tures, we can estimate the contribution of the thermal ex-
pansion to the frequency shift at each temperature. The
results for the LTO(l ), TO(X), LOA(X), and TA(X)
modes are shown in Fig. 4 together with the total fre-
quency shift obtained from molecular dynamics. We see
from the plot that thermal expansion contributes roughly
—,
' of the total frequency shift. The large frequency shift,
particularly at higher temperature, is in fact due to the
strong anharmonic phonon-phonon interactions in the
system. It is interesting to note that the quasiharmonic
contribution is actually opposite in sign from the total
frequency shift for the case of the TA(X) mode.

In summary, we have shown that a molecular-
dynarnics approach based on an empirical tight-binding
force model provides a very good description for the tem-
perature dependence of anharmonic effects in silicon.
The present scheme provides a general method for study-
ing temperature-dependent anharmonic effects in solids.
We also expect that our successful demonstration of com-
bining the empirical tight-binding method with molecular
dynamics will stimulate many more fruitful applications
in the near future.
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