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We compare photoinduced reorientation of homeotropic and planar aligned nematic liquid crystal 4-pentyl-
4-cyanobiphenyl �5CB� doped with trace amounts of azo-dye disperse orange 3 �DO3� by studying the optical
nonlinearities of the sample. Theoretical and experimental analyses confirm the proposal that the trans and cis
isomers can be treated as independent contributors to the enhancement factor. Dynamic measurements indicate
three contributions to photoinduced optical nonlinearities, two of which are isotropic and a third corresponding
director reorientation. We also measure a large negative enhancement factor for the trans isomer and a positive
enhancement factor for the cis isomer, consistent with previous measurements. The latter indicates that the
mean field for the cis isomer is very small. Planar aligned samples demonstrate zenithal gliding whereas
homeotropic samples do not. In addition, steady-state and dynamic measurements indicate loss of liquid crystal
order associated with absorption as well as possible out-of-plane reorientation.
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I. INTRODUCTION

The effect of dyes on the photoinduced orientation or re-
orientation of liquid crystals has generated much interest and
is well documented in the literature. Initially reported by
Jánossy, Lloyd, and Wherrett �1�, it was found that small
amounts of anthraquinone dye were capable of reducing the
optical Freédericksz transition by more than two orders of
magnitude. Since that time, many studies have been con-
ducted with various dyes to try and characterize this effect
and understand its origins. It has become clear from this
work that the dye induced enhancement, also referred to as
the Jánossy effect, comes from a balance between the inter-
molecular forces and the diffusive forces between the dye
and the liquid crystal host �2–4�. A fluctuating friction motor
model has been proposed elaborating how diffusive forces
might be responsible for reorientation �5�. Kreuzer et al. �6�
provide evidence of reduced rotational mobility for excited
state anthraquinone dyes resulting from an excited state re-
inforcement of intermolecular hydrogen bonding. They argue
that when the solvent molecule size is the same order of
magnitude as the solute molecular size, a hydrodynamic
model describing diffusion is no longer valid. In this case,
hydrogen bonding and charge transfer complexes may well
impact rotational mobility. More recently, Truong et al. �7�
studied the dynamics of the interaction between the an-
thraquinone dye and the liquid crystal in the isotropic phase
and report that rotational diffusion is decreased upon excita-
tion of the dye. They note that the rotational diffusion coef-
ficient can be approximated by an Arrhenius-type expression,
in which the “activation” energy is determined by the guest
host interaction.

Azo dyes provide an additional complication because of
the photoinduced trans-cis isomerization. Jánossy and Sza-
bados �8,9� proposed that the enhancement for azo dyes can
be represented by the weighted sum of the individual en-
hancements of the two states, cis and trans. The relative
strength of each state, cis or trans, is determined by the frac-
tion of dye, X, in the cis state �the fraction in the trans state

being 1−X�. The fraction of dye in the cis state is determined
by the relative intensity of the incident light, and is repre-
sented by a saturation equation. The authors used this model
to explain why the enhancement by the dye can switch signs,
as has been observed by others �10,11�. Taking advantage of
the fact that one can determine the saturation fraction and
intensity from nonlinear absorption experiments �12�, Becchi
et al. �13� demonstrated this effect by showing the change in
sign of the enhancement factor as the incident light intensity
increased. Finally, Galstian et al. �14,15� have looked at the
impact of out-of-plane reorientation for azo dyes. In these
studies, they also consider the loss of liquid crystal order
from the interaction between the dye and the liquid crystal
host.

The Becchi et al. �13� results also show the presence of an
additional enhancement effect indicating a surface realign-
ment �gliding� of the director �13�. Such an effect had been
previously proposed by Lucchetti et al. �16�. Petrossian and
Residori also observed such an effect with ionic surfactants
for homeotropically aligned samples �17�. Joly et al. �18�
were able to show, that, in fact, zenithal gliding of the easy
axis can occur on polyimide surfaces like those used by Bec-
chi et al. �13�.

In this paper we continue these investigations, comparing
planar aligned samples with homeotropic samples. In par-
ticular, we examine the liquid crystal dynamics during reori-
entation and consider the relative impact of dye-induced loss
of order on the reorientation process. In Sec. II, we present
the model, based on diffusion equations. The orientational
distribution of the dye, in its various states, and the liquid
crystal are represented by a superposition of spherical har-
monic functions. Prior analyses using such a superposition
have typically been applied to photoinduced anisotropy in
dyed liquid crystals above the clearing point. In this paper,
we will look specifically at photoinduced reorientation in the
nematic state, following up on the original work of Jánossy
�2�. The result will be an expression from which we can
derive an analytic form for the enhancement factor. In Sec.
III we describe the experiment and in Sec. IV we present our
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results within the context of the model. General conclusions
are discussed in Sec. V.

II. THEORY

In this section, we describe the effects of photoexcitation
and cis-trans isomerization on the orientation distribution of
the dye in the nematic sample. The interaction between the
dye and the liquid crystal is responsible for the photoinduced
reorientation.

Consider a dye-liquid crystal system with the director ini-
tially aligned along the z axis. Light incident at an angle �n
to the normal will excite the dye molecules, altering the dis-
tribution of ground and excited state molecules around the z
axis. Following the methods of Jánossy �2� and of Marrucci
et al. �3,4�, we consider the orientation distribution of the
dye, or the liquid crystal, to be given by a superposition of
the spherical harmonic functions, Yl,m�� ,��,

f i��,�,t� =
1

4�
�

l=0,2,4,. . .
�
m�l

�2l + 1�� l − �m�
l + �m��Yl,m��,��Qi

l,m�t� ,

�1�

where the index i corresponds to the trans �t�, cis �c� or
excited �e� state of the dye and Qi

l,m are the moments of the
distribution. For the liquid crystal host, the index h is used. If
the reorientation angle is in the xz plane and is small, then
the only terms of importance for this analysis are Y0,0, Y2,0,
and Y2,1. This expansion can thus be simplified as

f i��,�,t� =
1

4�
�Ni�t� + 5Qi

2,0�t�P2
0�cos ��

+
5

3
Qi

2,1�t�P2
1�cos ��cos �� , �2�

where the zeroth moments, Ni, correspond to the number
density of each species i, Pl

m�x� are the associated Legendre
polynomials, and Qi

2,−1=Qi
2,1. For simplicity, we will use the

same formalism as Truong et al. �7� and eliminate the super-
script 2 in the second moments, Qi

2,0→Qi
0 and Qi

2,1→Qi
1.

For those studies involving photoinduced anisotropy, it was
enough to keep the l ,m=2,0 term. In our case, however, it is
necessary to include the l ,m=2,1 term to allow for reorien-
tation of the director.

The second moments, Qi
m are related to the order param-

eter via

Si =
1

Ni

	�Qi
0�2 + �Qi

1�2. �3�

The Legendre polynomial P2
0�cos �� is symmetric around the

z axis, whereas P2
1�cos ��cos � is antisymmetric through the

yz plane. As already mentioned, it is this latter antisymmetric
contribution that is responsible for the enhancement of direc-
tor reorientation in the liquid crystal. In the absence of an
incident pump beam, Qi

1 are zero. In addition, for small re-
orientation angles, any changes in Qi

0 are related to the
change in the order of species i, hence impact the liquid
crystal order.

Dynamic equations for Ni, and Qi
m, can be determined

from the standard diffusion equation,

�

�t
f i��,�,t� − Di�̄

2f i��,�,t� −
Di

kT
�̄ · �f i�̄Ui� = Wi, �4�

where Di is the rotational diffusion coefficient for species i,

and �̄ is given by the angular part of the � operator. Using
the mean-field approximation, the potential is given by the
Maier-Saupe expression �19�,

Ui = −
1

3
uiShP2

0�cos �� , �5�

where ui is the orientational interaction energy between the
liquid crystal and the host molecules and Sh is the liquid
crystal order parameter. The factor of 1 /3 is to maintain
consistency with Refs. �4� and �7�. The source-sink term, Wi,
on the right-hand side of Eq. �5� is given by

Wt = − pt�cos ��f t +
Ft

�t
fe +

1 − Ft

�t

Ne

4�
+

Fc→t

�c→t
fc

+
1 − Fc→t

�c→t

Nc

4�
,

Wc = − pc�cos ��fc +
Fc

�c
fe +

1 − Fc

�c

Ne

4�
−

1

�c→t
fc,

We = pt�cos ��f t + pc�cos ��fc − � 1

�t
+

1

�c
� fe,

where

pi�x� =
3�i

h	ND
I�P2

0�x�cos2 � +
2

3
P2

1�x�cos � sin � cos �

+
1

6
P2

2�x��1 + cos 2� sin2 ��� ,

�i is the linear absorption coefficient, and ND is the total
number density of the dye, h is Planck’s constant, and I and
	 are the intensity and frequency and of the incident light,
respectively. The angle � is the angle the optical field makes
with the z axis. For a planar aligned sample, �=�n. For a
homeotropic sample, �=�n+� /2. Following Truong, Xu,
and Shen �7�, the constants Ft, Fc, and Fc→t correspond to
the fraction of molecules preserving their orientation when
relaxing from the excited state to the trans state, to the cis
state, or from the cis state to the trans state, respectively.
These have the effect of increasing the relaxation times for
those respective expressions.

Equation �4� is a mean-field equation that does not in-
clude local effects. Jánossy �2� has pointed out that such a
model does not include any detail of molecular structure. In
general, diffusion equations, such as the one above, are valid
when spatial variations are smooth �20�. On the other hand,
if the process of diffusion is considered to be the result of
site hopping, rather than that of a random walk, then, as
pointed out by Truong et al. �7�, Eq. �4� may be interpreted
in the manner of Kreuzer et al. �6�. It is sometimes the case

STATMAN et al. PHYSICAL REVIEW E 75, 021703 �2007�

021703-2



that a diffusion equation must be substituted by a generalized
diffusion equation that includes a convolution integral with a
frequency dependent diffusion coefficient. This is especially
true for barrier crossing problems, where lower in magnitude
high frequency diffusion coefficients are more significant.
However, for the problem at hand, such is not relevant and
we will consider Eq. �4� as adequate for our studies.

Equation �4� can be reduced to a set of dynamic equations
for each Ni and Qi

m,

dNt

dt
= −

�tI

h	ND
��3 cos2 � − 1�Qt

0 + 2 sin � cos �Qt
1�

+
1

�t
Ne +

1

�c→t
Nc, �6a�

dNc

dt
+

1

�c→t
Nc

= −
�cI

h	ND
��3 cos2 � − 1�Qc

0 + 2 sin � cos �Qc
1� +

1

�c
Ne,

�6b�

dNe

dt
+ � 1

�t
+

1

�c
�Ne

=
�tI

h	ND
��3 cos2 � − 1�Qt

0 + 2 sin � cos �Qt
1�

+
�cI

h	ND
��3 cos2 � − 1�Qc

0 + 2 sin � cos �Qc
1� ,

�6c�

dQt
0

dt
+ 
6Dt�1 −

1

21

ut

kT
Sh� +

�tI

7h	ND
�6 cos2 � + 5��Qt

0

= �2

5
Dt

ut

kT
Sh −

1

5

�tI

h	ND
�3 cos2 � − 1��Nt

−
2

7

�tI

h	ND
sin � cos �Qt

1 +
Ft

�t
Qe

0 +
Fc→t

�c→t
Qc

0, �7a�

dQc
0

dt
+ 
6Dc�1 −

1

21

uc

kT
Sh� +

1

�c→t

+
�cI

7h	ND
�6 cos2 � + 5��Qc

0

= �2

5
Dc

uc

kT
Sh −

1

5

�cI

h	ND
�3 cos2 � − 1��Nc

−
2

7

�cI

h	ND
sin � cos �Qc

1 +
Fc

�c
Qe

0, �7b�

dQe
0

dt
+ 
6De�1 −

1

21

ue

kT
Sh� + � 1

�t
+

1

�c
��Qe

0

=
�tI

h	ND
�1

5
�3 cos2 � − 1�Nt

+
1

7
�6 cos2� + 5�Qt

0 +
2

7
sin � cos �Qt

1�
+

�cI

h	ND
�1

5
�3 cos2 � − 1�Nc +

1

7
�6 cos2 � + 5�Qc

0

+
2

7
sin � cos �Qc

1� +
2

5
De

ue

kT
ShNe, �7c�

dQt
1

dt
+ 
6Dt�1 −

1

42

ut

kT
Sh� +

3�tI

7h	ND
�cos2 � + 2��Qt

1

= −
6

5

�tI

h	ND
sin � cos �Nt −

6

7

�tI

h	ND
sin � cos �Qt

0

+
Ft

�t
Qe

1 +
Fc→t

�c→t
Qc

1, �8a�

dQc
1

dt
+ 
6Dc�1 −

1

42

uc

kT
Sh� +

1

�c→t
+

3�cI

7h	ND
�cos2 � + 2��Qc

1

= −
6

5

�cI

h	ND
sin � cos �Nc −

6

7

�cI

h	ND
sin � cos �Qc

0

+
Fc

�c
Qe

1, �8b�

dQe
1

dt
+ 
6De�1 −

1

42

ue

kT
Sh� + � 1

�t
+

1

�c
��Qe

1

=
3�tI

h	ND
�2

5
sin � cos �Nt +

2

7
sin � cos �Qt

0

+
1

7
�cos2 � + 2�Qt

1� +
3�cI

h	ND
�2

5
sin � cos �Nc

+
2

7
sin � cos �Qc

0 +
1

7
�cos2� + 2�Qc

1� . �8c�

With Eqs. �6�–�8�, we can describe the impact of the dye
on director reorientation. Assuming that photoexcitation is
short, we get five time constants; three associated with reori-
entation through the dynamics of both Qi

0 and Qi
1;

�Qt �
1

6Dt
, �Qc �

1

6Dc +
1

�c→t

, �Qe �
1

6De + � 1

�t
+

1

�c
� ,

and two associated with isomerization and through the dy-
namics of Qi

0 and Ni; �c→t and �e= 1
�1/�c�+�1/�t�

. Truong et al.

�7� have shown that, in general, the time dependence of the
moments of the liquid crystal orientation distribution, Qh

m,
are given by
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Qh
m�t� = Qh

m�pure� +
Cm

�m


−


t

�utQt
m�t�� + ucQc

m�t��

+ ueQe
m�t���e−��t−t��/�m�dt�, �9�

where �m is the relaxation time for mode m, Cm is the
strength of that mode, and Qh

m�pure� is the moment of the
orientation for the undoped liquid crystal. For electronic re-
laxation time �e much smaller than �c→t and �m, Eq. �9� for
Qh

0 and Qh
1 can be simplified to

Qh
0�t� = Qh

0�pure� + C0�utQt
0�
� + ucQc

0�
� + ueQe
0�
��

��1 +
�c→t

�0 − �c→t
e−t/�c→t −

�0

�0 − �c→t
e−t/�0� �10a�

and

Qh
1�t� = C1�utQt

1�
� + ucQc
1�
� + ueQe

1�
���1 − e−t/�1� ,

�10b�

respectively, where Qh
1�pure�=0. Because �0 and �1 are both

associated with l=2, it is reasonable that they are equal to
each other and are associated with a liquid crystal orienta-
tional relaxation time, �, as described by Truong et al. �7�.

Substituting, Eqs. �6�–�8� into Eq. �10b� results in the
photoinduced enhancement of director reorientation, charac-
terized by moment Qh

1 at steady state,

Qh
1�enhanced�

= C1�utQt
1 + ucQc

1 + ueQe
1�

�
2

5
C1ue�Qe

�tI

h	
�3 sin � cos ��

�
�1 −
ut�Qt

ue�Qe
+ Ft

ut�Qt

ue�t
+ Fc

uc�Qc

ue�c

+ FcFc→t
ut�Qt�Qc

ue�c�c→t
��1 − X�

+ R�1 −
uc�Qc

ue�Qe
+ Ft

ut�Qt

ue�t
+ Fc

uc�Qc

ue�c

+ FcFc→t
ut�Qt�Qc

ue�c�c→t
− Fc→t

ut�Qt�Qc

ue�Qe�c→t
�X� , �11�

where R=�c /�t, and X is the faction of dye molecules in the
cis state. This equation is consistent with a previous deriva-
tion �8� showing that the cis fraction X=

XsatI/Isat

1+I/Isat
, where Xsat is

the saturation fraction of dye molecules in the cis state, and
Isat is saturation intensity. Xsat and Isat are dependent on po-
larization of the incident light and the angle � �9�. The
steady state value for Qh

1 determines the Jánossy effect en-
hancement factor, �, viz.,

� =
Qh

1�dyed�
Qh

1�pure�
. �12�

Combining Eqs. �11� and �12� gives an expression for the
enhancement factor,

� = �t�1 − X� + �cX = �t + X��c − �t� . �13�

The trans and cis enhancement factors are determined from
Eq. �11� to be

�t �
6

5

�t

h	
ue�Qe� cne0

�Nh
��1 −

ut�Qt

ue�Qe
+ Ft

ut�Qt

ue�t
+ Fc

uc�Qc

ue�c
� ,

�14a�

�c � R
6

5

�t

h	
ue�Qe� cne0

�Nh
��1 −

uc�Qc

ue�Qe
+ Ft

ut�Qt

ue�t
+ Fc

uc�Qc

ue�c
� .

�14b�

Equations �13� and �14� support the Jánossy and Szabados
experimentally verified proposal �8� that the trans and cis
states can be treated separately, having independent contri-
butions to the photoinduced reorientation �9�. These expres-
sions are also consistent with those derived by Marucci et al.
�4� for the enhancement of director orientation in the isotro-
pic phase. Clearly, a balance between the dye-host interac-
tion energies and the rotational friction encountered by the
dye molecules can determine the sign of the enhancement
factor.

For small reorientation angles, the order of the liquid
crystal is described by the moment Qh

0, i.e., Sh=Qh
0 /Nh. Sub-

stitution of Eqs. �6�–�8� into Eq. �10a� shows that the contri-
bution of the dye to Qh

0 is proportional to the enhancement
factor,

Qh
0�enhanced�

= Qh
0�t� − C0utQt

0�0�

= C0�utQt
0 + ucQc

0 + ueQe
0�

�
2

15
C0ue�Qe

�tI

h	
�3 cos2 � − 1

2
�

�
�1 −
ut�Qt

ue�Qe
+ Ft

ut�Qt

ue�t
+ Fc

uc�Qc

ue�c
��1 − X�

+ R�1 −
uc�Qc

ue�Qe
+ Ft

ut�Qt

ue�t
+ Fc

uc�Qc

ue�c
�X�

�
1

3
C0I�3 cos2 � − 1

2
�� . �15�

As is described in the next two sections, the effects of dye
photoexcitation on the liquid crystal through changes in Qh

0

and Qh
1 are determined by measurement of the enhancement

factor and the change in order of the liquid crystal sample.

III. EXPERIMENT

The liquid crystal 5CB �4-pentyl-4-cyanobiphenyl� was
doped with the azo-dye Disperse Orange 3 �DO3� at 0.5% by
weight. Samples were prepared with planar alignment and
with homeotropic alignment. Planar aligned cells were pre-
pared by spin coating cleaned glass slides with polyimide,
which were subsequently rubbed. Homeotropic samples were
prepared by treating cleaned glass surfaces with surfactant.
Spacers were used to maintain a 50 �m cell thickness.
Samples were observed under a crossed-polarized micro-
scope to insure alignment and uniformity.
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The experiments were designed to measure both the
change in the birefringence of the sample and the reorienta-
tion enhancement by studying the optical nonlinearities of
the samples. To study the effects of photoexcitation of azo
dye on the liquid crystal, consider two probe laser beams
incident on the sample at an angle whose bisector is either
parallel or perpendicular to the nematic director prior to dye
excitation by a pump beam, as shown in Fig. 1�a�. The only
contribution to the orientational distribution of the liquid
crystal is Qh

0, as Qh
1 is zero. Measurement of the phase shift

between the ordinary �o� and extraordinary �e� components
of the probes demonstrate the same shift for each. If, upon
photoexcitation of the dye, the second moment, Qh

0 de-
creases, then the phase shift between the o and e ray will also
decrease. Such a decrease can result from a loss of birefrin-
gence due to a loss of nematic order, or from reorientation. If
there were director reorientation, the second moment Qh

1

would then become nonzero. The phase shift between the o
and the e rays would increase for one probe and decrease for
the other, as shown in Fig. 1�b�. Combining the effects of Qh

0

with those of Qh
1, we see that each probe sees a different

phase shift between the o and the e probes. By comparing the
two probes, the effects from the changes in Qh

1 can be sepa-
rated from the effects in changes in Qh

0. The average of the
shifts subtracts out the effect of Qh

1, while one-half the dif-

ference of the shifts subtracts out the effects of Qh
0. As pre-

viously shown �13�, the latter allows for calculation of the
enhancement factor, �.

The experiment is similar to that of Becchi et al. �13�,
with some important modifications. The experimental setup
is shown in Fig. 2. The sample was in a temperature con-
trolled sample holder and aligned so that the nematic director
was horizontal. The pump beam from an Ar+ laser tuned to
488 nm was directed to the sample at an angle of 35° to the
normal. The laser was horizontally polarized so that reorien-
tation could be facilitated without a Freédericksz threshold.
The pump intensity was adjusted by rotating a polarizer
placed in between the half-wave plate and the pump polar-
izer. The probe laser consisted of a HeNe laser, �pr
=633 nm. The beam was split into two probes, 1 and 2, each
polarized at 45° to the horizontal. Each probe beam entered
the sample at an angle of 45° to the normal and perpendicu-
lar to each other. Because of refraction, inside the sample the
probe beams were at a smaller angle to the normal, approxi-
mately 26°. Care was made to be sure that there was good
probe overlap so that each probe beam interrogated the same
part of the liquid crystal. The probe beam diameters were
significantly smaller than the pump beam diameter and were
centered on the pump beam in the liquid crystal sample. The
phase shift between the extraordinary �e� and ordinary �o�
rays of each probe were measured using a photoelastic
modulator �PEM�, just as was done in Ref. �13�. A liquid
crystal birefringent compensator was used to set the initial
phase shift coming into the PEM to zero by adjusting the
voltage to the compensator. The sample was aligned such
that in the absence of the pump, both probes had the same
phase shift. Such alignment accounted for any pretilt in the
sample. The output from the detector was sent to a lock-in
amplifier, with the time constant set to 1 ms. The output
from the lock-in was tested for temporal response and it was
found that it was accurate for times less than 10 ms.

At each pump intensity, the phase shift between the e and
o rays was measured in time as it grew and as it decayed.
With the pump on, the shift was also measured at steady
state. All runs were done at 25 °C.

FIG. 1. �a� Bisector of angle between probes is normal to the
nematic director, n. Both probes see the same phase shift between
the o and e rays. �b� Director, n, is rotated. The top probe sees an
increase in the phase shift between the o and e rays, while the
bottom probe sees a decrease.

FIG. 2. Experimental setup: P,
polarizer; � /2, half-wave plate;
BS, beam splitter; D1, pump input
detector; D2, signal detector; L,
lens; ND, neutral density filter;
PEM, photoelastic modulator; M,
mirror; S, shutter; BC, birefrin-
gent compensator; A, analyzer.
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IV. RESULTS AND DISCUSSION

Figures 3 and 4 show the time dependence of the phase
shift for the two probe beams for the homeotropic alignment.
As already explained, changes in Qh

0 result in the same shift
for each probe in the same direction; whereas changes in Qh

1,
result in the shifts for the two probes having opposite sign.
From these figures it is clear that that there are three different
contributions to the photoinduced process. While probe 1
monotonically decreases, probe 2 decreases, then increases,
and finally decreases as the liquid crystal comes to steady
state. Both curves were fit to triple exponentials. Within ex-
perimental error, the response times were the same and inde-
pendent of pump intensity. The three response times were
determined to be ��=0.7±0.4 s, ��=5±1 s, and ��

=31±1 s, respectively.

These results show that all three time constants, ��, ��,
and ��, are associated with changes in the m=0 mode, Qh

0,
whereas the relaxation of the m=1 mode, Qh

1, only involves
the single time constant, ��. From Eq. �10a�, it is very likely
that the time constant �� �=0.7±0.4 s�, which is only associ-
ated with the m=0 mode, corresponds to the cis to trans
isomerization, i.e., ��=�c→t. This is consistent with the re-
sults of previous measurements which put that time between
500 and 700 ms �12�. Because the second time constant, ��,
is associated with shifts of opposite sign for the two probes,
it must be associated with director reorientation. It is there-
fore likely that �� �=5±1 s� corresponds to �0=�1=�. The
third time constant, ��, is associated only with the dynamics
of the m=0 mode. Yet, it is not found in the model. However,
we do expect Qh

0 to decrease from thermal effects as well as
a general loss of order, simply from the absorption of light
by the dye. Another possibility is a relaxation of the m=0
mode to a second m=1 mode, P2

1�cos ��sin �, not included
in the model. This mode would correspond to out-of-plane
reorientation, as proposed by Galstian et al. �14�. The current
experiments cannot distinguish between the different possi-
bilities.

At steady state, the differences in the change in the phase
shift, ��= ���probe 1−��probe 2�, between the e and o rays
are shown for both the planar and homeotropic samples, re-
spectively, in Fig. 5. This phase difference between the two
probes, in the linear approximation, is

�� = 2
2�ne��pr�

�pr

�ne
2 − no

2�
�no

2 cos2 �pr + ne
2 sin2 �pr�

sin �pr
0

L

��z�dz .

�16�

This expression is slightly different from that of Marucci et
al. �21� in that it accounts for the fact that the probe beams
do not have normal incidence. In Eq. �16�, ��z� is reorienta-
tion angle of the director. As shown by Becchi et al. �13�, at

FIG. 3. Phase shift for probe 1 versus time. Solid line is a fit to
a triple exponential.

FIG. 4. Phase shift for probe 2 versus time. Solid line is a fit to
a triple exponential.

FIG. 5. Phase shift difference between two probe beams versus
intensity. Solid circles, planar alignment. Open diamonds, homeo-
tropic alignment.
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very low pump intensities there appears to be an additional
mechanism causing light-induced director reorientation, or
zenithal gliding. Here we have assumed that this extra non-
linearity follows a standard saturation curve. The phase shift
would therefore be

� = �bulk + �0
I/Isat,�

1 + I/Isat,�
, �17�

where �bulk is the phase shift originating from a bulk mecha-
nism discussed earlier, and �0 is the “high intensity” phase
shift due to this additional mechanism. In the linear approxi-
mation, �bulk can be found from

K1d2�/dz2 = −
� + �ne

2 − no
2�

2no
2c

sin 2�I�z� , �18�

where � is the dye-induced enhancement factor given by Eq.
�13�.

When the enhancement factor, �, is independent of inten-
sity and �0 is zero, Eqs. �17� and �18� can be integrated
analytically resulting in a measured phase shift linear with
intensity. This would be the case if either the cis enhance-
ment factor was equal to the trans enhancement factor, �c
=�t, or if there was no trans to cis isomerization upon pho-
toexcitation. In spite of the linear appearance of the phase
shift with intensity shown in Fig. 5, nonlinear absorption
measurements for DO3 in 5CB, using previously developed
methods �12�, rule out the latter, giving a saturation intensity
of 12.7 mW/cm2 and a saturation fraction of 0.6.

To determine the trans and cis enhancement factors, the
same methods as Becchi et al. �13� were used. Equation �13�,
with measured values for the saturation fraction and satura-
tion intensity, was substituted into Eq. �18�. Then, with the
boundary conditions ��0�=��L�=0, �t, and �c were adjusted
until numerical integration of Eqs. �16� and �18� agreed with
the experimental results, as determined by minimization of
�2. Since the effects of zenithal gliding are included in the
fits, the enhancement factors should be independent of
whether the sample is planar or homeotropic. One advantage
of measuring the enhancement for the two geometries is that
we should be able to force the two fits to give the same
enhancement factors, making the results less ambiguous. The
fits are shown in Fig. 5 by the solid and dashed lines for the
planar and homeotropic samples, respectively. They were
also corrected for the fact that the intensity of the light inci-
dent on the dye molecules must be corrected for refraction.
Clearly there is satisfactory agreement between the theoreti-
cal curves and the measured points with the mean deviation
more-or-less corresponding to experimental error.

The first result noticed was that, as expected, the enhance-
ment factor is independent of whether the liquid crystal is
planar or homeotropic. Our fits show that the trans enhance-
ment factor, �t, is negative and equal to −1550 for the ho-
meotropic sample and equal to −1560 for the planar sample.
Our results also show that the cis enhancement factor, �c, is
positive and equal to 620. This is consistent with other stud-
ies that have also shown �c to be positive.

For these samples, we measured �t to be about 1170 cm−1

�for extraordinarily polarized light�. Estimating ue /kT to be
about 3, and �Qe to be about 8�10−10 s, with �t=−1550, we
get ut�Qt /ue�De�1.7. With �c=620, we find that uc�Qc /ue�Qe
is negligible. Both of these results are quite reasonable. For
anthraquinones, it was argued that the ratio ug�Qg /ue�Qe is
essentially the ratio of excited to ground state diffusion co-
efficients �6�, where subscript g corresponds to the ground
state. This was based on the fact that the shape of an-
thraquinone does not change upon photoexcitation; hence the
mean field does not have any significant change as well. This
argument, however, cannot be made with azo dyes, as the
shape of the molecule does change with photoexcitation.
Therefore the mean fields, ut, uc, and ue are expected to be
different. Yet, the role of diffusive forces through its impact
on a particular species lifetime, i.e., �Qt and �Qe, is still criti-
cal to the enhancement effect. The longer the time that a
particular species i= t, c, or e is in the Qi

1 mode, the more
impact that particular species has on the reorientation pro-
cess. Local interactions, such as the formation of charge
transfer complexes, can contribute to this effect, and clearly
need to be studied in more detail. Without any additional
information about the mean fields or the intermolecular in-
teractions, it is very difficult to separate out the contribution
to enhancement from differences in mean field and differ-
ences in rotational diffusion through local interactions. On
the other hand, the negligible ratio, uc�Qc /ue�Qe, does tell us
that the mean field for the cis isomer is very small. In gen-
eral, a positive enhancement factor tells us that uc�Qc is
smaller than ue�Qe. Since the order parameter for the cis
isomer is small �S�0.1�, the molecule is relatively free to
rotate within the liquid crystal matrix. Therefore uc must be
small compared with kT.

Our fits also indicate while for the planar sample there is
some zenithal gliding, with �0=−0.0017 radians �about
0.1°�, for the homeotropic sample there is no apparent ze-
nithal gliding. While this is quite small, it is significant
enough to see a difference between the two curves. Others
have also seen evidence of zenithal gliding of liquid crystal
on rubbed polyimide surfaces. We are currently investigating
whether this is a photoinduced effect.

Since changes in Qh
0 impact the change in the birefrin-

gence of the liquid crystal, the average shift for the two
samples corresponds to the change in Qh

0 as well as to out-
of-plane reorientation. These average shifts are shown in Fig.
6. These results indicate that the change in birefringence is
significantly different for the homeotropic versus the planar
alignment, with a ratio as high as 11.

Equation �15� shows that the contribution of the dye to Qh
0

is determined by the angle that the optical field makes with
the director, �. It is proportional to 1

2 �3 cos2 �−1�, as well as
to the enhancement factor and the intensity. As the angle � is
increased, the magnitude of the change in order becomes
smaller. At ��55°, this contribution to the order changes
sign. In addition, the liquid crystalline order will increase or
decrease with the intensity depending on which dye state has
a stronger interaction with the liquid crystal. This is all inde-
pendent of any other effects such as thermal effects.

Because of refraction, the angle � is smaller for the ho-
meotropic alignment. Since the change in birefringence is
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proportional to the change in Qh
0, that change, then, should be

smaller for the homeotropic sample, as we have observed.
This indicates that the order parameter does not change by
very much with intensity for this sample. Calculations sug-
gest, however, that the ratio of the average phase shift be-
tween the planar and homeotropic alignments should only be
between 3 and 4. Yet, as already stated, for our measure-
ments that ratio is approximately 11. On the other hand, our
dynamic measurements indicate an additional contribution to
the loss of birefringence, thermal effects, for example. Con-
sider that the absorption of light by the dye goes as cos2 �.
Accounting for refraction, the absorption ratio for the dye

between the two alignments should be 6.8. This suggests that
an additional loss of birefringence could be due to absorp-
tion, which would be the case for thermal effects. This com-
bination, then, would explain the experimental results. Fi-
nally, we plan on future measurements to investigate the
possibility of out-of-plane reorientation.

V. CONCLUSIONS

The most important results here show that for dyes which
undergo trans-cis isomerization, the enhancement factor can
be treated as the weighted sum of the individual enhance-
ment factors, as proposed by Jánossy and Szabados �8�, and
that the individual enhancement factors result from a balance
between the interaction energies of the dye and the host me-
diated by the rotational friction encountered by the dye mol-
ecules, as proposed by Marucci et al. �3�. The trans isomer
shows a large negative enhancement, consistent with previ-
ous results and indicating that this enhancement is due to a
combination of mean-field and local-field effects. The cis
isomer, on the other hand, shows a positive enhancement,
indicating that the mean field is very small. This is supported
by the small cis dye order parameter, indicating that the
mean field for the cis isomer is less than kT. In addition, we
observe that the interaction of the dye with the liquid crystal
host will necessarily have an effect on the order of the host.

ACKNOWLEDGMENTS

The authors would like to thank Dr. István Jánossy for his
many helpful comments on this paper. In addition, acknowl-
edgment is made to the donors of The American Chemical
Society Petroleum Research Fund for partial support of this
research.

�1� I. Jánossy, A. D. Lloyd, and B. S. Wherrett, Mol. Cryst. Liq.
Cryst. 179, 1 �1990�.

�2� I. Jánossy, Phys. Rev. E 49, 2957 �1994�.
�3� L. Marrucci and D. Paparo, Phys. Rev. E 56, 1765 �1997�.
�4� L. Marrucci, D. Paparo, G. Abbate, E. Santamato, M. Kreuzer,

P. Lehnert, and T. Vogeler, Phys. Rev. A 58, 4926 �1998�.
�5� L. Marrucci, D. Paparo, and M. Kreuzer, J. Phys.: Condens.

Matter 13, 10371 �2001�.
�6� M. Kreuzer, E. Benkler, D. Paparo, G. Casillo, and L. Mar-

rucci, Phys. Rev. E 68, 011701 �2003�.
�7� T. V. Truong, L. Xu, and Y. R. Shen, Phys. Rev. E 72, 051709

�2005�.
�8� I. Jánossy and L. Szabados, J. Nonlinear Opt. Phys. Mater. 7,

539 �1998�.
�9� I. Jánossy and L. Szabados, Phys. Rev. E 58, 4598 �1998�.

�10� M. Barnik, A. Zolot’ko, V. Rumyantsev, and D. Terskov, Crys-
tallogr. Rep. 40, 691 �1995�.

�11� E. Benkler, I. Jánossy, and M. Kreuzer, Mol. Cryst. Liq. Cryst.
Sci. Technol., Sect. A 375, 701 �2002�.

�12� D. Statman and I. Jánossy, J. Chem. Phys. 118, 3222 �2003�.
�13� M. Becchi, I. Jánossy, D. S. Shankar Rao, and D. Statman,

Phys. Rev. E 69, 051707 �2004�.
�14� T. V. Galstian, B. Saad, and M. M. Denariez-Roberge, J.

Chem. Phys. 107, 9319 �1997�.
�15� T. V. Galstian, E. Brasselet, and D. Dumont, Mol. Cryst. Liq.

Cryst. Sci. Technol., Sect. A 375, 593 �2002�.
�16� L. Lucchetti, M. di Fabrizio, O. Francescangeli, and F. Simoni,

J. Nonlinear Opt. Phys. Mater. 11, 13 �2002�.
�17� A. Petrossian and S. Residori, Europhys. Lett. 60, 79 �2002�.
�18� S. Joly, K. Antonova, P. Martinot-Lagarde, and I. Dozov, Phys.

Rev. E 70, 050701�R� �2004�.
�19� P. G. DeGennes and J. Prost, The Physics of Liquid Crystals,

2nd ed. �Oxford Science, New York, 1993�, p. 66.
�20� D. A. McQuarrie, Statistical Mechanics �Harper and Row,

New York, 1976�.
�21� L. Marrucci, D. Paparo, P. Maddamena, E. Masera, E. Prudni-

kova, and E. Santamato, J. Chem. Phys. 107, 9783 �1997�.

FIG. 6. Average phase shift for two probes versus intensity.
Solid circles, planar alignment. Open diamonds, homeotropic
alignment.
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