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Frequency-dependent electric polarization due to optical rectification:
Computer simulation and semiclassical theory
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The symmetry principles governing the nonlinear interaction of intense laser radiation with

molecular ensembles show that dynamical interaction phenomena exist in the ensemble even though
the induced frequency-dependent polarization could be purely imaginary and unobservable in the
static limit. An example is computer simulated in the S enantiomer of bromochlorofluoromethane,
showing clear eft'ects on the orientational and rotational velocity correlation functions and by
Fourier transforming these functions, the dielectric and far-infrared spectra. Conditions are sug-

gested for its experimental observation and orders of magnitude calculated for the appropriate
mediating tensors.

INTRODUCTION

The interaction of intense electromagnetic radiation
with molecular ensembles may be described using time-
dependent perturbation theory, a quantum-mechanical
approach that has led recently to the discovery of several
new birefringence effects, exemplified by the forward'
and inverse magnetochiral effects. A symmetry
classification of these effects has recently been pro-
posed in terms of group-theoretical statistical
mechanics (GTSM) and its three principles. ' ' This
classification indicates the presence of several other
analogous phenomena, ' ' prominent among which is
optical rectification, ' a phenomenon of nonlinear optics
which is treated in this paper with molecular-dynamics
computer simulation. This simulation method is based
on the incorporation of appropriate extra torques in the
forces loop of a standard molecular dynamics program.
It has been shown, furthermore, that these torques may
contain a real component' when the corresponding in-
duced polarization is purely imaginary, implying that
there is a frequency-dependent, dynamical, effect of the
intense laser field even when there is no real part to the
complex polarization. An example of a hidden variable
dynamical phenomenon in the rectification effect is inves-
tigated here with computer simulation in the S enantio-
mer of bromochlorofluoromethane, a chiral ensemble. It
is found that the real component of the torque gives rise
to clear spectral effects, which can be measured experi-
mentally, for example, in the far-infrared and higher fre-
quency regions of the electromagnetic spectrum.

I. FREQVENCY-DEPENDENT POLARIZATION
DUE TO OPTICAL RECTIFICATION

The quantum-mechanical expression for optical
rectification has been given explicitly by Ward. ' This
expression for the purely real, static, electric polarization

induced to second order by the radiation consists of dou-
ble sums over all eigenstates of the unperturbed molecu-
lar system. The individual terms in these sums contain,
in the numerators, products of matrix elements of the
system-field interaction. The transition energies of the
system, the frequency of the radiation field, and appropri-
ate damping factors' appear in the denominators.

If one is primarily interested in the symmetry proper-
ties of the effect, it is therefore sufficient to consider the
numerators, which are of general form:

I ()
' ~-)(I" E+»

where p, p', and p" designate matrix elements of the
electric dipole operator and E and E+ are electric field

vectors complex conjugate to each other. Upon isotropic
averaging, expression (1) splits up into a real factor per-
taining to the molecular susceptibility multiplied by a
field factor

(p.p'Xp")(E XE+) .

This field factor E XE+ either vanishes if the radiation
is linearly polarized, or is imaginary in the case of circu-
lar polarization. Even in an optically active fluid, the in-
duced electric dc polarization is therefore not directly ob-
servable.

However, the polarization induced in the individual
molecules couples to the electromagnetic field, resulting
in a torque of generic form

«, ) =((P„,E,E, )(E,)), (3)

where P; k has the units of the molecular hyperpolariza-
bility tensor, with 27 scalar elements in general. This
torque contains real contributions that do not average
out in the ensemble. ' Its dynamic influence may be inter-
preted on the basis of group-theoretical statistical
mechanics. '

The tensor E.Ek (with nine scalar elements in general)
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may be decomposed into a trace (rank-zero tensor) com-
ponent D' ' under R3, an axial vector (rank-one tensor)
transforming as D"', and a symmetric rank-two tensor,
transforming as

( V)o= ((PE E+)XE+),
&T&, =&(PE XE )XE

(T)2=((pE E+)XE+) .

(4)

(5)

(6)

Assuming a plane wave as described by expression (8)
below, we notice that if the radiation is linearly polarized
and E+ is real, then ( 'T)o will be real, ( T)

&
will vanish,

and (T)2 may be made to vanish by an appropriate
choice of the laboratory coordinate system. If the radia-
tion is circularly polarized, then E =(E+)' is complex.
Both ( V')0 and ( T), will be complex and contain real
contributions; ( V')

2 will vanish for a circularly polarized
wave as given by expression (4).

The torque ( 'T) in a circularly polarized laser thus has
both real and imaginary parts. In consequence, the real
part of a torque component such as
((pE' 'X E'+ ') XE+") has a dynamical effect on the en-
semble which can be observed numerically in the time
correlation functions and experimentally in their Fourier
transforms revealed as measurable spectra. It is a
dynamical effect because the induced polarization van-
ishes at zero frequency.

II. COMPUTER SIMULATION

Computer simulation of this dynamical effect proceeds
as outlined in the Appendix of Ref. 17. In the simulation
we have illustrated the effect by confining attention to the
torque component:

(g ) =((PE'L'XE'L~)XE'L') (7)

HL =tot —Kt r, H„=tot —Ktt r (9)

are the phases in IUPAC convention.
The simulation proceeds by approximating the phases

by

8=0L =0~ =cot (10)

and incorporating the real part of the torque into the
forces loop of the program TETRA, coded for 108 mole-
cules of (S) bromochlorofluoromethane, a chiral ensem-
ble. ' The torque (7) involes independent scalar elements
of the molecular hyperpolarizability in the correct C&

symmetry, which in the absence of known experimental
or ab initio numerical data were coded in from data on
methane. This procedure was adopted only to illustrate

where (R} and (L) denote right or left circularly polar-
ized, and the plus or minus igns denote complex conju-
gates of the field. ' This gives the four possibilities:

E ~ =Eo(i+ij }e E =Eo(t ij)e—
(8)

E'+'=Eo(i ij )e, E—'+ '=Eo(i+i j)e

where

the presence of the effect in one of the simplest available
chiral ensembles, and further work would involve the ab
initio computation of all molecule fixed frame, scalar ele-
ments using a modification of a package such as HON-

DO
The molecules interacted with a site-site potential, ' '

12 ' '6
. 4e

I

o(C-C)=3.4 A, —(C-C)=35.8 K,

o (H-H ) =2. 8 A, —(H-H) = 10.0 K,

o(F-F)=2.7 A, —(F-F}=54.9 K,

o(F-F)=2.7 A, —(F-F)=54.9 K,

o(Br-Br)=3.9 A, —(Br-Br)=218.0 K,

o(C1-C1)=3.6 A, —(Cl-C1}=158.0 K,

q(C)=0. 3351e1, q(H)=0. 2251e1,

q (F)= —0.221e1, q (Cl) = —0. 181e1,

q (Br ) = —0. 161eI,
and their rotational and translational equations of motion
were integrated with a time step of 50.0 fs on the CNSF
IBM 3090-6S computer. The orientation and rotational
velocity autocorrelation functions (ACF's} of the ensem-
ble were evaluated in the field applied steady state using
two field frequencies of 10.0 and 1.0 THz, respectively.
These are roughly similar to the frequency of a Q-

switched CO2 laser. The correlation functions were eval-

uated in contiguous segments with running time averag-
ing. The laser fields employed were powerful enough to
show clearly the presence of changes in the time depen-
dence of correlation functions (and thus in the frequency
dependence of band shapes) and were energetically
equivalent to about 25 kJ/mol at a temperature of 293 K
at 1 bar.

III. RESULTS: SPECTRAL EFFECTS DUE
TO OPTICAL RECTIFICATION

Figure 1 illustrates the orientational ACF of the per-
manent molecular dipole moment for the S enantiomer
and recemic mixture. This is defined by

c (t)=(p;(t)poJ(0) &/&pQ&

where ( ) denote ensemble averaging and where po
denotes the permanent molecular electric dipole moment.
In this field-free equilibrium there are no orientational
cross correlation functions (CCF's), which are off-

diagonal elements of Eq. (11). Figure 2 is the same CF
for an applied field of 1.0 THz, and Fig. 3 for 10.0 THz,
each in the S enantiomer. At the lower frequency, anisot-

ropy in the orientational ACF components is clearly visi-

ble for a laser beam propagating in the Z axis of (X, Y,Z).
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FIG. 1. Orientational ACF for S-bromochloroAuoromethane
(S) and the racemic mixture (RS) at field-free equilibrium.

FIG. 3. As for Fig. 1 with the field frequency decreased to
0.01 THz. Note the development of anisotropy in the ACF's.

C~(r) = (po((t)po) (0) ) I(po ) (12)

Figure 5 is the equivalent in the steady state with an ap-
plied 1.0 THz field, and Fig. 6 for a 10.0-THz field.
There is a clear effect at both frequencies, at 10.0 THz
the ACF becomes highly oscillatory, and at the lower fre-
quency Fig. 5 illustrates the development of interesting
asymmetric CCF elements, reminiscent of those simulat-
ed by Evans and Heyes in the context of Couette flow.
The rotational velocity ACF is essentially part of the
Fourier transform of the far-infrared frequency spectrum

This is accompanied by the development of off-diagonal
CCF elements of orientation as illustrated. At the higher
frequency (Fig. 3), the anisotropy is lessened consider-
ably, but the time dependencies of the ACF elements are
clearly different from the average at field-free equilibrium
(Fig. 1). Figure 3 also shows the presence of four off-

diagonal CCF elements of orientation in the field applied
steady state.

Figure 4 is the rotational velocity ACF at field-free
equilibrium in the S enantiomer, defined by

of the ensemble (power absorption coeScient and
frequency-dependent refractive index), and in conse-
quence, time-resolved techniques and powerful laser pulse
trains can be used to evaluate experimentally the effect of
electric (i.e., E XE+) rectification, a nonlinear "hidden
variable" dynamical effect in the far-infrared and higher
frequencies into the visible and beyond. Right and left
circularly polarized pulse trains from a power laser are
sent down the two arms of a Rayleigh interferometer, and
the sensitivity of the instrument is used to measure the
refractive and absorption index changes due to the vari-
ous hidden variable effects exemplified in this paper. The
sensitivity of this instrument can reach one part in one
hundred million under practical conditions. The spectral
resolution of the new "hidden variable" effect is achieved
with a combination of Michelson and Rayleigh inter-
ferometers, the former being used to analyze the frequen-
cy dependence of the axial birefringence of the hidden
variable effect, the latter as a sensitive measuring instru-
ment of small differences in refractive index. The com-
bined interferogram at the detector is made up of the
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FIG. 2. As for Fig. 1 with the torque (3) applied at a field fre-
quency of 10.0 THz. (a) Autocorrelation functions; (b) cross
correlation functions.

FIG. 4. As for Fig. 1, rotational velocity ACF, three diago-
nal components of the S enantiomer at field-free equilibrium.
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FIG. 5. As for Fi . 4wi'g. with torque (3) applied at 10.0 THz.
FIG. 6. A. 6. As for Fig. 4, torque(3) ap lied at0
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Michelson interferogram, as in a con

detect magnetochir 1 b'
rometer. The same setu cp can be used to

ira ire rin~ence an
d 1

' ' g
or, circular dichroism. This .in

rs tl bi dvlo d.cope .

a"p= —ap

N2
, Im(&n~p ~j &&j~ps~n &)

jAn

for a transition from state n to j t th f'a e requency

COjn
—Nj —

CO„

(18)

AND ORD
IV. MOLECULAR PROPERTY TEN

DER OF MAGNITUDE ESTIMATES
NSORS

In order to estimate the order of ma n'
g

jugate product
per y tensor mediatin theg e effect of the con-

II=K' 'XE' '= —E' 'XE' '=2E i (13)

on the spectral features in Figs. 1 to 5 w'1 '
1 h

'
a eory with an interaction Hamiltonian

hH= ——(E XE )
1

p aap (14)

The axial coconjugate product vector II is.....,...,..1T d
is equivalent to a

an positive to aritp y inversion P, and
o a second rank antis mmetr'

sor. A real, scalar Hamiltonianar, ami toman is obtained from the ten-
y contraction with another T ne

tive, antisymmetric de ric ynamic polarizability tensor

aap=aap 'aap

The Hamiltonian (14) is therefore

(15)

hH=-= —Il,a, /2! = —E (az z ' 0 xy yx j ~

where a is thhe orbital or spin electronic
proportional to the su

ec ronic polarizability,
o e sum of orbital (L) and s in (2S

tronic angular momenta:
spin ) elec-

a=y (L+2S) .

From hom the time-dependent Sch "d'c ro inger equation

where p p are electric dipole moments.
The product II is clearly independent of the

the electromagnetic fiel, but is c
de en

ic e, ut is generated by a fre uenc
ependent electromagnetic field. The time de end

mus e used, therefor

sor; t at mediates the induction of a d namic
molecular dipole moment b h
H'

en p; y the conjugate product
J'

P; =XqHj+

Elementar y time dependent perturbation
expresses the tensor in the form

&n~p j~&& j~a&~n &

j,n ~) n

jAn

(20)

theory

(21)

where a& is given in Eq. (18).
Note that this is T and P negative andn negative, an for an electron-

ariza 1 ity a of the order 10-38 J 1C2m2.

dipole moment of the o d 10, orr er Cm and for
t f f ih d iseor er 10 rads 'itsor d f g

, about the same as that ofm J abo
rs e ectric hyperpolarizability. However, Iver,

servable in ach
y y; k ecause the latter is ob-

serva e in achiral and chiral ensembles, and has a

p appears only in chiral ensembles becaus
parity conservation. If observed in a

tant effect.
e parity nonconservrvation, itself an impor-

Finally we ex ress t 4
p t e analogous inverse Faraday
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effect (experimentally observed magnetization due to II)
through the closely related molecular property tensor Y,"

m =Y"II+
LJ J (22)

where m; is the magnetic dipole moment due to Hj. Per-
turbation theory gives the result

(~1m Ij&&jl~pln &

Yp= —g
Jn

jAn

(23)

which is similar to Wagniere's equation (18) of Ref. 4 for
the paramagnetic contribution to the inverse Faraday
effect, in which equation the equivalent of spin polariza-
bility is expressed through the cross product of electric
dipole moments.

Equations (21) and (23) compare directly the new effect
of this paper and the well-known inverse Faraday effect.
The latter occurs in all ensembles, because the symmetry
of H is the same as that of the T negative, I' positive

magnetic dipole moment m;, so that Y;J is I' positive, T
positive. The inverse Faraday effect is much smaller than
the new effect of Eq. (21), implying that the latter is easily
observable by using, for example, dielectric spectroscopy,
with pulses of circularly polarized neodymium-doped yt-
trium aluminum garnet (Nd: YAG) laser radiation to gen-
erate II .. The induced dynamic polarization is picked up
as a dielectric loss in a capacitance-inductance circuit of
the type used in nonlinear dielectric spectroscopy, for
example, with the strong electric 6eld replaced by the
pulsed and circularly polarized Nd: YAG pump laser.
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