VOLUME 65, NUMBER 5

PHYSICAL REVIEW LETTERS

30 JuLy 1990
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We examine optical phase conjugation for a shaped-microparticle suspension maintained in a uniform
electric field. Theory asserts that the presence of a Stark field decreases the grating response time and
enhances the composite’s four-wave-mixing coefficient. These changes arise from and reflect the narrow
angular range in which the particles are constrained to point, giving rise to reduced rotational times and
the appearance of a new coherent scattering mechanism.

PACS numbers: 42.65.Bp, 42.65.Hw, 82.70.K;

This Letter examines optical phase conjugation in a
shaped-microparticle suspension maintained in a uni-
form, static electric field. These investigations are
motivated by two recent experimental studies in which
nonlinear optical birefringence > and optical phase con-
jugation®* were observed in shaped-microparticle sus-
pensions at microwave (18 GHz) and visible (0.5 um)
wavelengths. Since anisotropy is the mechanism respon-
sible for the nonlinear optical properties of these media,’
it is logical to inquire how these properties are influenced
by an electric field used to orient a majority of the parti-
cles along a particular direction. Theory asserts that a
strong electric field will vastly alter optical phase conju-
gation in shaped-particle suspensions. Four novel effects
are predicted to occur: (1) A new scattering mechanism
appears which contributes to optical phase conjugation,
(2) the four-wave-mixing coefficient associated with the
orientational grating is measurably altered, (3) the de-
generacy between rods and disks is split in the sense that
their nonlinear coefficients are no longer equal, and (4)
the grating response time is reduced.

These effects arise from and reflect the fact that an in-
tense Stark field will restrict the microparticles to a rela-
tively narrow range of angles which alters the macro-
scopic properties of the suspension in a number of strik-
ing ways. For example, in the presence of a sufficiently
intense electric field, grating formation requires that the
microparticles rotate through much smaller angles than
in its absence, thereby reducing response times in
shaped-particle suspensions. Since particle orientation is
confined to within a small range of angles about a partic-
ular direction (determined by the electric field), their in-
dividual dipole moments will tend to be in phase and add

J

Ur;0) =Us(Q)+Ur(r;0) = — 7 [Es- a(0)- Es +(Eg(r,1) a(w)- Eg(r,1))] .

Here Q =(6,¢) specifies the particle orientation relative
to Es, o is the radiation frequency, and a(w) is the mi-
croparticle polarizability tensor,

a(w)=as(0)i+p(0)K(0)/3. (2)

In Eq. (2), as=(ay+2a.)/3, B=ai—ay, [ is the unit
matrix, K(Q) is the standard orientation matrix, and a;

coherently. In contrast, if only weak radiation fields are
present, the microparticle distribution is nearly isotropic
and most of the particles are randomly aligned, giving
rise to a much smaller net induced dipole moment than
that displayed by a highly oriented suspension. This
strong anisotropy in the microparticle orientation gives
rise to a new scattering mechanism which can enhance
the magnitude of the original effect. Finally, the poten-
tial minima for disks and rods differ not only in angle,
but also in magnitude, which manifests itself in the
medium’s electrodynamics when the particle distribution
becomes noticeably anisotropic.

Light-scattering experiments® find that a Stark field
will modify the scattering attenuation coefficient, in-
creasing (decreasing) it for radiation polarized parallel
(perpendicular) to the electric field. These findings sug-
gest that the four-wave-mixing coefficient will exhibit the
same behavior. Specifically, recent studies’ of thermal
light-scattering noise establish a direct relationship be-
tween the scattering attenuation and the optical Kerr
coefficients with an increase in one implying a corre-
sponding increase in the other. Thus, we expect that if
the radiation fields are polarized parallel (perpendicular)
to the Stark field, the four-wave-mixing coefficient will
increase (decrease).

A monodisperse suspension of shaped microparticles is
maintained in a uniform, static electric field Eg and irra-
diated by three degenerate coherent radiation beams
[denoted by Eg(r,z)]: two counterpropagating pump
waves and a probe beam. These fields polarize the mi-
croparticles and induce both static and dynamic dipole
moments which interact with these fields, giving rise to
two electrostrictive interactions:

(D

(a.) is the component of the particle polarizability
parallel (perpendicular) to the symmetry axis. The an-
gular brackets imply an average over a time long com-
pared to 1/w, but short compared to the suspension’s
response time.

We confine ourselves to situations in which all of the
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radiation fields have the same polarization, €g,
Er(r,t) =ér L E;(Dexpli(K; r—wt)]+cc., (3)

where E;(r) is the complex amplitude of the jth beam,
Ki=—-K;=K, K,=—K.=Q, j=(1,2) refers to the
two counterpropagating pumps of equal intensities, j=p
to the probe, and j =c to the conjugate wave.

An examination of Egs. (1)-(3) reveals that Ex(r,¢)
induces microparticle density and orientational gratings
whose physical characteristics are controlled by the in-
terference patterns created by the different possible sets
of fields. Here, we confine ourselves to situations in
which Ur/kT <1, but Us/kT is arbitrary. In steady
state, the microparticle density is given by the Boltz-
mann distribution, approximated via

n(r,Q)=noll —Ug(r,Q)/kTlexpl—Us(8)/kT1Z
=no(r,0)+6n.(r,q), 4)

with Z the partition function and no the zero-field parti-
cle density. The exponential factor tends to confine the
particles to a narrow range of angles dictated by Eg.
Phase conjugation arises from the term proportional to
Ug, i.e., n., which induces two sets of mutually orthogo-
nal index gratings: translational and orientational. The
translational gratings, which emanate from the isotropic
component of the particle polarizability, consist of a
modulation in the density. The orientational gratings,
which derive from the anisotropic component, consist of
a modulation in the direction that the particles point.
Clearly the translational gratings are unaffected by a
spatially uniform electric field and we may set Us(8)/
kT =—gs(cos?0—1/3) with gg=pBEZ/2kT. However,
for orientational gratings, the situation is quite different
as the microparticles are aligned by Es. This Stark-
induced alignment alters the structure of the orientation-
al gratings which now consist of a periodic tightening
and easing of the particle orientation about a preferred
angle determined by Eg.

The nonlinear polarization responsible for optical
phase conjugation is given by the orientational average
of the induced dipole a(w)- [E (r,t)+E,(r,2)] over the
microparticle distribution én.(r,Q),

phL () =P, expli(Q-r+wt)]l+c.c., (5a)

Pi=—4n(w/c)*nolag, + (agr+Bgi/3)R (gs)
+Bg2R1(gs)/31, (5b)

P.=—4n(w/c)*nolag, — (ag2+Bg1/3)R,(gs)/2
+Bg2R2(gs)/31, (5¢0)

where | (L) implies that the radiation fields are polar-
ized parallel (perpendicular) to the Stark field,
g1=aE,E\/2kT, and g,=pPE,E \/2kT. The functions
Ri(gs) and R,(gs) are angular integrals of the micro-
particle polarizability over &n.. The first term on the
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right-hand side of Eq. (5a) is a nonlinear polarization
consisting of a translational grating of isotropic dipoles
and is unaffected by Es. The next two terms arise from
a new coherent scattering mechanism which is due to the
anisotropic orientational distribution induced by the
Stark field. The term ag,R,(gs) originates from an
orientational grating of particles, whose induced dipole
moment arises from the interaction of the radiation fields
with the isotropic component of the particle polarizabili-
ty tensor. The second term, i.e., Bg1R(gs)/3, consists
of a translational grating of microparticles, whose in-
duced dipole moment is due to the interaction of the an-
isotropic component of the particle polarizability tensor
with the radiation. On physical grounds, one expects
these contributions to vanish as they depend upon a
unique direction and in fact R,(gs)— 4gs/45 as gs— 0.
In the opposite limit, ie., gs— * o, R,(gs)— %
—1/gs for rods and R,(gs)— — § +0.5/gs for disks.
The difference in both sign and magnitude of the induced
dipole moment, as characterized by R,(gs) reflects the
orientation of the microparticle relative to the Stark
field. Specifically, rods (disks) tend to orient parallel
(perpendicular) to Es and {cos26)— 1 (0) in this limit.
Note that these two contributions, although equal in
magnitude, exhibit quite different optical response times
as one requires an orientational grating while the other
demands a translational grating. Finally, analogs of
these terms appear in light-scattering experiments in
which the shaped-particle suspension is maintained in a
Stark field.®

The last term in the nonlinear polarization, Bg2R>
x (gs)/3, consists of an orientational grating of shaped
microparticles which is always present. In the limit that
the electric field vanishes, R,(gs) — £+ 16g5/945. As
the field is made more intense, R,(gs)— & —1.33/gs
for rods and R,(gs)— 3 —0.332/gs for disks: The
orientational gratings are now composed of microparti-
cles which deviate slightly from the direction preferred
by the Stark field.

Inserting the nonlinear polarization into the Maxwell
equations and making the slowly varying envelope ap-
proximation, we find for steady state the usual expression
for the intensity of the emitted conjugate wave.® If the
radiation is polarized parallel to Eg, the four-wave-
mixing coefficient is given by

xi=16x2Knola®/kT+aBR (gs)/3kT
+B%R,(gs)/9kT I /cey, , (6a)
whereas if €g is perpendicular to Eg,
k1 =16x2Knola’/kT —aBR (gs)/6kT
+B?R,(gs)/9kT1I/ csy, (6b)

with 7 the pump intensity and ¢, the dielectric constant
of the host fluid. The different response times of the
orientational and translational gratings can serve as a
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FIG. 1. x§(gs)/xo vs gs for a/B=0.5 and a/B=2 for both
polarization cases.

convenient means to isolate the rotational mechanism.
For example, at 18 GHz it takes so long for the particles
to diffuse a grating spacing that the translational grating
is never formed.? At visible wavelengths, the transla-
tional grating can be suppressed by using an optical
chopper.® The dramatic influence of a Stark field on
optical phase conjugation is illustrated by the ratio
k" (gs)/x0(0), where xé(gs) is the contribution of the
orientational grating and u refers to the polarization of
the radiation fields. Figure 1 depicts this ratio for
a/B=0.5 and a/B=2 vs gs. The limiting value for rods
is x{(gs)/xo(0)— 5+45a/48 while for disks x§(gs)/
xko(0)— 3 —45a/8B. For the suspensions used in Ref.
1, the value of a/8=0.5 so that the four-wave-mixing
coefficient should increase by a factor of 10.625, which
can be achieved with a field strength of 300 V/cm. For
the suspension used in Ref. 2, a/B=2, so that the four-
wave-mixing coefficient should increase by a factor of
27.5 for an electric field strength of 3 kV/cm. Note that
weak Stark fields decrease the four-wave-mixing co-
efficient if € is perpendicular to Eg.

Next, we focus on the transient behavior of the sus-
pension for situations in which the microparticle orienta-
tion is initially in equilibrium with the Stark field and
the radiation fields are switched on at 1 =0. On physical
grounds, we anticipate that the orientational response
time will decrease substantially since the microparticles
need to rotate through much smaller angles to achieve a
new equilibrium state. The transient dynamics of the
orientational distribution n(Q,r) is governed by the
Planck-Nernst equation,’

an(Q,1)/dt =—06oiLn(q,t) —LICn(Q,0)/kTH, (1)

where L is the angular momentum operator, Oy is the ro-
tational diffusion coefficient, and '=—LU(r,Q) is the
electrostrictive torque exerted by all the fields on the
particles. Figure 2 depicts the evolution to steady state

FIG. 2. Transient evolution of the four-wave-mixing co-
efficient due to the orientational gratings for the case gs =10,
€r parallel to Es, and a/B=0.5.

of x§(gs;t)/xb(gs;o0) for the case gs =10, with the sus-
pension initially in equilibrium with the Stark field and
a/B=0.5. Note that the four-wave-mixing coefficient
evolves on a time scale set by 37p/gs, where 7p is the
orientational diffusion time. For the suspension em-
ployed in Ref. 1, the response time would be reduced by
a factor of 10 to a few seconds with a field strength of
300 V/cm, whereas that used in Ref. 2 would be reduced
to a few hundred us with a Stark field of 2 kV/cm.

In summary, by confining the particles to a narrow an-
gular range, the medium’s nonlinear response to coherent
radiation can be measurably enhanced while its response
time is reduced. Other approaches for achieving a highly
anisotropic microparticle orientation are by intense, po-
larized coherent radiation and by flowing the suspension
in a cell, without turbulence. Similar effects should also
occur in self-focusing, the optical Kerr effect, and
coherent beam combination® which will be examined
elsewhere.
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