
Two beam coupling gain enhancements in porphyrin:Zn-doped nematic liquid
crystals by using grating translation technique with an applied dc field

Eun Ju Kim, Hye Ri Yang, Sang Jo Lee, Gun Yeup Kim, Ji Woun Lee, Chong Hoon Kwak *

Department of Physics, Yeungnam University, Kyongsan 712-749, Republic of Korea

a r t i c l e i n f o

Article history:
Received 6 July 2009
Received in revised form 30 November 2009
Accepted 30 November 2009

Keywords:
Nonlinear optics
Other nonlinear optical materials
Photorefractive and semiconductor
materials
Orientational order of liquid crystals

a b s t r a c t

The two beam coupling (TBC) gains in porphyrin:Zn-doped nematic liquid crystals (NLCs) are greatly
enhanced by adopting the grating translation technique with applying dc electric field. The maximum
gain coefficient of C ¼ 624 cm�1, whose value is at least three times larger than that of no grating trans-
lation was obtained under the applied dc field of E0 ¼ 1:2V=lm and the grating translation speed of
vq ¼ 33:4 lm=s. Based on the material and torque balance equations for NLCs taking into account the
grating translation, we present the theoretical expressions for TBC gain enhancements, showing excellent
agreement with the experimental results.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nematic liquid crystals (NLCs)-based photorefractive materials
have been extensively investigated because of their large dielectric
and optical anisotropies. Since an orientational photorefractive
(OPR) effect in doped NLCs has been predicted and experimentally
demonstrated by Rudenko and Sukhov [1] and later by Khoo [2],
intensive investigations have been performed on this subject [3–
5]. Strong two beam coupling (TBC) energy transfer between two
coherent writing beams in dye-doped NLCs was reported [5,6]
and Khoo presented a detailed discussion of the optical and electric
field induced photorefractivity in NLCs and observed the large opti-
cal nonlinearity in fullerene C60 and dye-doped NLCs [2,3]. Re-
cently, we reported on the observation of an OPR effect in
porphyrin:Zn doped NLCs by measuring the TBC gain and diffrac-
tion efficiency under the influence of an applied dc field [7]. The
TBC gain coefficient of over 170 cm�1 was obtained with the ap-
plied dc fields of E0 ¼ 0:57 V=lm and the refractive index change
coefficient was n2 � 10�2 cm2=W. This value of n2 is one order of
magnitude larger than that of C60-doped 5CB sample.

In this work, we performed the TBC experiments in porphy-
rin:Zn doped NLCs by adopting the grating translation technique
with dc electric field and presented that the TBC coefficient is

greatly enhanced. Under the applied dc field of E0 ¼ 1:2 V=lm
and the grating translation speed of vq ¼ 33:4 lm=s, the maximum
gain coefficient we achieved was C ¼ 624 cm�1, whose value is at
least three times larger than that of 170 cm�1 with no grating
translation.

Some techniques for the enhancement of TBC gain in inorganic
photorefractive crystals such as BSO, InP:Fe, GaAs and others have
been investigated and developed in the past years; applied dc field
technique, dc field and moving grating technique, intensity- and
temperature-dependent technique, and applied ac field technique
[8,9]. The most widely used gain enhancement technique is the
moving grating method [8], which is to apply a dc electric field
in a sample accompanied by frequency detuning one of the writing
beams. The moving grating technique with an applied dc electric
field [8] is developed by the interference fringe shift with an exter-
nal mirror detuned by a PZT transducer for gain enhancement,
while the grating translation technique [10] is by the direct move-
ment of the sample by a linear motor for determining the phase
and the magnitude of the phase grating and the absorption grating
[11], not for enhancing the TBC gain and/or diffraction efficiency.

The aim of this work is to develop the theory of TBC gain
enhancement for the grating translation method and to explain
the experimental results. From the material equations and the tor-
que balance equation of NLCs taking into account of the grating
translation, we derived the expressions for the moving space-
charge field, the refractive index change of the OPR grating and
the TBC gain coefficient.
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2. Theory

To analytically explain the OPR gain enhancement phenomena
due to the grating translation, we start with the material equations
for NLCs [1]:

@n�

@t
þ cnþn� � 1

e
r � J� ¼ aI; ð1aÞ

J� ¼ el�n�E� kBTl�rn� þ rdE; ð1bÞ

r � E ¼ e
ee0
ðnþ � n�Þ; ð1cÞ

where n± are the positive and negative charge carrier densities, J±

are the current densities, l± are the mobilities, c is the recombina-
tion rate, a is the charge generation rate, e is the elementary charge,
kB is the Boltzmann’s constant, T is the absolute temperature, e is
the relative dielectric constant, e0 is the dielectric constant in the
vacuum, rd is the dark conductivity, which is assumed to be ne-
glected for small value as compared to the photocurrent, E is the to-
tal electric field, consisting of the applied dc electric field E0 and the
induced space-charge field E1. In TBC experiments accompanied by
the grating translation, the sample is illuminated by the sinusoidal-
ly modulated light intensity of I(r, t) = I0 + I1 exp [i(q�r �Xt)]/
2 + c.c., where I0(=Ia + Ib) is the total input beam intensity, Ia and Ib

are the incident intensities of the two coherent writing beams,
I1 = mI0, m is the modulation depth, defined by
m ¼ 2

ffiffiffiffiffiffiffiffi
IaIb
p

=ðIa þ IbÞ, q is the grating vector, q = |q| = 2p/Kg is the
grating wave number, Kg is the grating period, X = qvq is the fre-
quency detuning, vq is the moving velocity along the grating vector
and c.c. denotes the complex conjugate. The physical variables, n±, J±

and E in Eq. (1), are assumed to have the same periodic function
with the intensity distribution Iðr; tÞ. Substituting the physical vari-
ables including the intensity grating into Eq. (1) and separating the

variables with subscripts 0 and 1, and following the same proce-
dures of Ref. [12], after some calculations, we finally obtain the
time-dependent differential equation for the space-charge field:

@E1

@t
þ gE1 ¼ mh; ð2Þ

where g = B/A, h = C/A, A = (1 + 2sd/s + ED/Eq + iE0v sinb/Eq + i2b)/sd,
B ¼ ð2=sdsÞð1 þ ED=EM þ ED=2Eq þ E2

0 sin2 b=2EqEM þ E2
D=2EqEM þ

iE0 � m sin b=2Eq þ ibÞ, C = (iEDv � E0 sinb)/sds, b is the tilt angle of
the grating as shown in Fig. 4, nþ0 ¼ n�0 ¼ n0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
aI0=c

p
, sd = ee0/

en0(l+ + l�) is the Maxwell relaxation time, Eq = en0/qee0 is the lim-
iting space-charge field, EM ¼ cn0=lq is the drift field, ED = qkBT/e is
the diffusion field, s ¼ 1=cn0 is the photo-ion life time,
b = Xsd = qvqsd, m = (l+ � l�)/(l+ + l�) and l = l+l�/(l+ + l�). It is
noted that in deriving Eq. (2) we neglect the cross products of
two quantities with subscript 1, which are the nonlinear driving
sources of some interesting phenomena such as higher harmonic
gratings and subharmonic gratings [12] and use the slowly-varying
amplitude approximation of the space-charge field with time. For
steady state, the magnitude of the space-charge field |E1| and the
grating phase shift / relative to the intensity grating are given by,
respectively,

jE1j ¼
m
2

E2
Dm2 þ E2

0 sin2 b

X2 þ Y2

" #1=2

; ð3aÞ

/ ¼ tan�1 EDmX þ E0Y sin b
EDmY � E0X sin b

� �
; ð3bÞ

where X ¼ 1þ ED=EM þ ED=2Eq þ E2
0 sin2 b=2EqEM þ E2

D=2EqEM ,
Y = E0v sinb/2Eq + b. The applied dc electric field E0 and the dimen-
sionless moving velocity b = Xsd = qvqsd alter not only the magni-
tude of the space-charge field, but also the grating phase shift.
The translating optical interference pattern creates a moving
space-charge field, followed by the optical torque change of the
director axis of the NLC molecules, which is caused by the combined
effect of the applied dc field and the moving space-charge field. As a
result, the director axis reorientation of NLC and the photoinduced
refractive index changes occur. The torque balance equation under
the one elastic constant K is given by [2,7,12],
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where h is the reorientation angle of the director axis, cvis is the Les-
lie viscosity coefficient, |Copt| = Deeo|n�E(n � E)| is the magnitude of
the director axis torque, which is induced by the optical and electric
field, and n ¼ ðsin h;0; cos hÞ is the reoriented director axis vector of
NLCs and De = e|| � e\ is the dielectric anisotropy. Taking the trial
solution of the form h(r, t) = h1(t) cos(q�r �Xt + /) with the small
reorientation angle approximation (i.e., h1 << 1) and following the
same procedures of the literatures [2,7,12], we have the steady state
value of the OPR grating (i.e., the refractive index change of the in-
duced extraordinary wave phase grating) Dn as

Dn ¼ dn1 cosðq � r�Xt þ /Þ; ð5Þ

where dn1 ¼ ðnjj � n?Þðnjj=n?Þ sinð2bÞh1 is the amplitude of the OPR

grating, h1 ¼ E0jE1j cos b=ðE2
C þ E2

0Þ is the reorientation angle of

director axis of NLCs, EC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kq2=Dee0

q
is the Freedericksz transition

field, n\ is the ordinary index of refraction, n|| is the extraordinary
index of refraction, and De = e|| � e\. The theoretical and experi-
mental TBC gain coefficient CðE0; bÞ are then given by, respectively
[13],

CðE0; bÞ ¼
4p

kw cos hinc
dn1 sin /; ð6aÞ

Fig. 1. The sine of the grating phase shift, sin/(E0, b = 0), and the normalized gain
coefficient C(E0, b = 0) as a function of applied dc electric field E0 with no grating
translation (i.e., b = 0).
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