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Molecular-dynamics study of nonpolar molecular liquids in intense laser fields
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An electric polarization model for molecular liquids is proposed. This model is applied to liquid

carbon disulphide in intense far-infrared laser fields. Changes in the liquid structure, in various
time-dependent correlation functions, and in the dielectric properties of the optical medium are in-

vestigated. These changes are most profound at frequencies near the rotational resonance. When

the perturbation is very strong, the molecular liquid becomes anisotropic and its polarization is sa-

turated.

I. INTRODUCTION

When a very strong external force field is applied to a
molecular liquid, the natural thermal motion of the mole-
cules is placed in competition with the aligning effect of
the field. The standard theoretical approach to this prob-
lem is based on a stochastic differential equation. This
equation is typically written in isotropic configuration
space for the variation of the probability density of a rig-
id dipole moment undergoing purely rotational Brownian
motion under the influence of a unidirectional external
field. ' An extension has been made by Grigolini and
Evans to the non-Markovian case where the external
field can become arbitrarily large. Recent advances in
computer simulation techniques ' enable us to probe
more deeply into the fundamental physical characteris-
tics of the molecular liquid state when such an applied
field is present.

For a linear centrosymmetric molecule, such as CS2,
the lowest nonzero multipole moment is the quadrupole.
However, it is known experimentally that the CS2 mole-
cule is highly polarizable. " The resulting induced dipole
would be expected to exert an important influence on the
liquid structure and other properties, especially when
there exists an intense external electric field.

The principal purpose of this work is first to present an
electric polarization model, and then to apply this model
to the behavior of a nonpolar molecular liquid,
specifically carbon disulphide, in far-infrared laser fields.
Our aim is not to reproduce any available experimental
data, but rather to predict the possible changes of the
molecular liquid structure and other properties that
could be of theoretical interest when such liquids are sub-

jected to an ultrahigh field.
A complete quantum-mechanical description of a com-

plex molecular system is generally impossible, at least for
the current generation of computers. Nevertheless, clas-
sical and semiclassical methods often provide a good ap-
proximation for the description of molecular dynamics in

electromagnetic fields. ' ' Furthermore, liquid carbon
disulfide would be expected to have few quantum
ramifications. A full classical treatment will therefore be
the subject of the present paper.

II. ELECTRIC POLARIZATION MODEL
AND MOLECULAR-DYNAMICS SCHEME

In the presence of a strong electric field E, a molecule i
is distorted in such a way that the component of the di-
pole moment in the x direction is

D„'=p„'+a„'JEJ+ ,'p„'JkEJE—k+,' 'Jk—EI,+
where p„' is the permanent dipole moment, E~'k is a field

gradient, a„'~ and A„'Jk are components of the dipole and
quadrupole polarizabilities, respectively, and P„ik is a
component of the first hyperpolarizability. ' For a linear
centrosymmetric molecule, p„'=0. In addition, the po-
larization is generally anisotropic.

By neglecting the nonlinear optical polarizabilities, to
the first order of approximation, we have

D„'(r; ) =a„'iEJ(r; ) .

Here r, is the position vector of the ith molecule. The
polarizability may be modulated by internal vibrational
motions. We keep only the linear term in the Taylor ex-
pansion of the polarizability,

(3)
xi

q,

where q is the normal coordinate and a„' ' is the polariza-
bility at q =0.

Recently, we proposed a three-center Lennard-Jones
(3CLJ) plus point-charge potential model for liquid CS2.
Intramolecular vibrational motions are explicitly includ-
ed using a harmonic potential. ' The Lennard-Jones pa-
rameters, the fractional charges, and the force constants
are given in Table I. This model has proved reasonable.
for reproducing field-free experimental results, and will
be employed to represent liquid carbon disulphide in the
present work. To model the polarization, we place point
charges on the sulfur atoms and allow them to vary ac-
cording to the electric field component parallel to the
molecular axis. Let Q I, i represent the instantaneous
point charge on one of the sulfur atoms of the ith mole-
cule. It contains a constant part, the value of which is
given in Table I, and a variable part,
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TABLE I. Molecular parameters. '

d2r,
m; = V;—P+Q'(t)[Eoxcoscot+E;"'(t)] . (7)

Here

plied field has no direct influence on the internal vibra-
tional motions, and the electrostatic interactions from the
induced dipole moments of the neighboring molecules are
not included in the equation of motion.

Assuming the applied laser radiation is monochromatic
with angular frequency ~, we write the equation of
motion in the following form:

a~~E'(t }cos8'(t }'r =
d'(t )

(4)

(a~' —a }E'(t)cos8'(t)
d'(t )

(6)

When the wavelength of the external electric field is in
the millimeter regime, the time scale of the field varia-
tions is of the same order as or longer than that of the nu-
clear motions. For such oscillatory fields, it is therefore
reasonable to assume that the point charges on the sulfur
redistribute instantly.

This polarization model differs in two aspects from the
one suggested by Watts, ' which also models the polar-
ization using a variable particle charge on each atom.
First, in this work, the point charges vary according to
the applied electric fields and the instantaneous S-S dis-
tances, rather than depending only on the time-dependent
bond lengths, as in the Watts model. Furthermore, in the
Watts model there is no explicit relationship between the
induced dipole moment and the polarizability. Second,
the induced dipole moments in the present work are an-
isotropic instead of isotropic. This improvement is essen-
tial in the dynamics of linear molecules, since it
influences, in fact, reduces, the effective torques applied
to these molecules.

Our polarization model also provides an improvement
on Evan's model, in which the relation between the in-
duced dipole moment and the polarizability is taken into
account. However, in Evan's model, the externally ap-

with d'(t) and 8'(t) being the instantaneous S-S distance
and angle of inclination of the ith CS2 molecule with
respect to the applied field. The charge variation on the
other sulfur atom equals b, Q'(r—) to preserve electrical
neutrality.

The normal component of the electric field will induce
a dipole moment perpendicular to the molecular axis,

Dj (t)=a~E'(t)sin8'(t) .

In the above equations, the superscripts l and
~ ~

denote
the normal and parallel components, respectively.

To save computational efFort, we combine the efFect of
the normal component of the induced dipole moment
into the variation of the point charges on the sulfur
through an equivalent mechanical torque. ' In this case,
Eq. (4) may be rewritten

represents the force field arising from the instantaneous
moments of other molecules, x is the unit vector along
the externally applied field direction, and P is the total
mechanical potential energy. In general, this kind of
equation of motion must be solved in a self-consistent
fashion, ' since Q'(t)=QO+EQ'(t} depends on the in-
stantaneous values of Q'(t ) (j &i ), as can be seen from

Eq. (6} where E'(t ):—
~
Eox coscot+E,'"(t )

~

contains the
values of electrostatic contributions from Q (t). We
neglect for the present the secondary (in comparison with
that of the incident laser field} non-pair-additive interac-
tion of molecular polarizability' in Eq. (6), that is,
E'(t ) =ED cosset, so that Eq. (7) can be solved in a stan-
dard algorithm. However, its contribution to the induced
dipole moment and to E "(t ) in Eq. (7) is still taken into
account. Ignoring the electric field caused by other mole-
cules in Eq. (6) does not introduce significant error since
in all cases Eo &gE,'".

The nonequilibrium molecular-dynamics method
was used together with the third-order
P(r )E(a )C(r )E(a }C(v ) algorithm. '9 We held the tem-
perature constant by applying a "thermostat. " This was
done by rescaling the velocities at every time step so
that

N

g m;v;=0

and

N

—,
' g m;v; = ', NksT . —

The rate of the kinetic energy so removed is indicative of
the laser power absorbed.

III. APPLICATION OF THE MODEL

In this section we will apply the proposed model to
study the changes in structure and other properties of
liquid carbon disulphide under the influence of intense
far-infrared fields, and to probe how these changes relate
to the frequency and the intensity of the laser radiation.
For this purpose, we have carried out nonequilibrium
molecular-dynamics simulation with the aid of the Cray
X-MP/48 supercomputer. Eight cases including three
different laser peak intensities and six different frequen-
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M„= gD„'
i=1

follows the alternation of the external field almost com-
pletely.

eral, the induced dipole moment is made up of an elec-
tronic distortion contribution which is almost an instan-
taneous response to the application of the electric field,
together with a dipole orientational contribution, which
is a relatively slow response. Since the carbon disulphide
molecule is linear and centrosymmetric, but highly polar-
izable, and the far-infrared laser radiation, in general, is
near the frequencies of nuclear oscillations, the first
contribution predominates at steady state. As a result,
the total induced dipole moment autocorrelation function
along the field direction,

CM(t ) = (M (0)MX(t ) ) /(M (0) )

If we separate the polarization into in-phase and out-
of-phase components,

P(t )=Pa+ P„costot +P; sincot, (13)

a'(co) =1+P„/E (14)

and

a"(a))=P; /E, (15)

according to the MD calculations are plotted in Figs. 12
and 13. In Eqs. (14) and (15), E is the macroscopic elec-

by a least-square fit' we obtain the dielectric dispersion
(the real component) and the dielectric loss (the imagi-
nary component) at the given frequency. Frequency vari-
ations of the complex relative permittivity of the liquid
medium,
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preciation of the saturation effect, we also demonstrate in
Fig. 14 the field intensity dependence of ( cos g ) .

IU. SUMMARY AND CONCLUSIONS

CO

CS,

I

8
I t I I

4 6
Field Intensity

FIG. 14. Field intensity dependence of (1) ~' —1 (6); (2) x"
(+); (3) (cos'l(t) (o ) co=8 THz.

tric field, which includes the contribution from the exter-
nal field Eo and the fluctuating contribution from the en-
vironmental polarization. For all cases studied in this
work E=Eo. For example, when E =o10(e c/co„)'
~E Eo~/E—o 50.01. There is no power absorption max-
imum observed in the frequency range of 2-20 THz.
When the laser frequency increases from 10 to 20 THz,
the real part of the relative permittivity decreases, which
is an indication of the anomalous dispersion.

Because of the nonlinear effect in the optical medium,
the dielectric constant and the index of refraction depend
on the laser intensity. The best values of the complex
permittivity as a function of the field strength at v=8
THz are given in Fig. 14. Both the real and imaginary
parts of the permittivity are seen to have reached their
maximum values near 50 (ecclrrcc)' For a be.tter ap-

This work proposes an electric polarization model of
liquid carbon disulfide that introduces variable point
charges associated with the sulfur atoms. The variation
of these charges is assumed to follow the externally ap-
plied electric field instantly. In general, the polarization
is anisotropic. Contributions from both the normal and
the orthogonal components of the applied field are con-
sidered. This model is then used to simulate liquid car-
bon disulfide in intense far infrared laser fields with the
aid of nonequilibrium molecular dynamics using the Cray
X-MP/48 supercomputer. Changes in the liquid struc-
ture, various time-dependent correlation functions, and
the dielectric properties of the optical medium are inves-
tigated. These changes appear the most profound at fre-
quencies near the rotational resonance. In the presence
of this strong perturbation, the molecular liquid becomes
anisotropic in space. Saturation effects may be observed
as the externally applied torque considerably exceeds the
random intermolecular interactions from the thermal
motion. The model, besides being useful for nonpolar
molecules, should be applicable to polar molecular liquids
as well. In this work we have confined the investigations
to steady-state characteristics. Transient behavior of
molecular liquids can be studied using the same model.
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