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The mechanism of the normally incident photoinduced current transients in homogeneous nematic
samples in an applied dc voltage has been studied theoretically and experimentally. Explicit expressions
for the photovoltaic emf are derived using the nonlinear optical Pockel’s effect induced by the
Fréedericksz transition. The current transient is elucidated by the effect of dc field-induced ion drift to
electrodes based on an equivalent circuit. The experimental results [briefly reported in Phys. Rev. Lett.
63, 555 (1989)] are completely explained by the present theory. According to the theoretical prediction,
two methods to enhance the photoinduced current in liquid crystals, light exposure and dye doping, have

been found and implemented.

PACS number(s): 61.30.—v, 72.40.+w

I. INTRODUCTION

Recently we have reported on the anomalous photoin-
duced current transients (APCT) in a nematic liquid crys-
tal (NLC) 4-cyano-4’-alkyl-biphenyls (5CB) [1]. A non-
linear optical mechanism was also suggested for the
APCT effect [2,3]. The fundamental interest and poten-
tial application to liquid-crystal (LC) neutral-network de-
vices [4] motivated us to investigate this problem in
greater detail. In this paper, recent extensive study in
both theory and experiment is reported. As shown in the
following sections, the APCT can be described as an opti-
cal rectification of the NLC by the nonlinear optical
Pockel’s effect induced by the Fréedericksz transition.

It is well known that the linear optical dielectric tensor

€(w) of an anisotropic medium is a function of E,, in the
presence of an applied dc field E,:
elw)=ew)+e () Ey,+ - . o)

app

This is generally called Pockel’s effect. For a nonlinear
optical medium, the nonlinear electric polarization PN"
induced by incident light may be written in the form [5]

PiNL(w)=2XijkEj((l)m )E]((o—wm)

m

+ I XiuEj(0,)E p(0—0,)+ -+, (2)

m

where E;(w) is the jth component of the optical field,
E,=0E,/9dx; and X, are the nonlinear optical suscep-
tibilities. Here and in the following the summation con-
vention is used. In Eq. (2) the nonlinear electric polariza-
tion PN' may include two kinds of nonlinear optical pro-
cesses. One is related to the sum-frequency generation.
The second-harmonic generation (SHG) is such an exam-
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ple. The other is related to the difference-frequency gen-
eration. Optical rectification is an example of the latter
case. Because an aligned NLC possesses D, symmetry,
its nonlinear optical susceptibilities x;; vanish. In the
presence of an applied dc field E,,,, however, a transition
from a uniform to an elastically deformed state can occur
in the aligned NLC [6]. This is the well-known
Freedericksz transition. By this deformation, NLC ma-
croinversion symmetry may be broken. If so, the third-
order tensor X,; emerges and depends on E,,,. To be
consistent with Pockel’s effect in linear optics shown in
Eq. (1), we call this effect the nonlinear optical Pockel’s
effect induced by the Freedericksz transition (NOPF
effect) in NLC. In the following the mechanism of the
observed APCT in 5CB will be shown to be because of
this effect. In Sec. II we briefly state the experimental
methods. In Sec. III the theory of the NOPF effect as
well as the associated APCT are outlined. For the latter
we introduce an equivalent circuit to account for the
effect of dc field-induced ion drift to electrodes of the
NLC cell. In Sec. IV the experimental results, including
some new ones, are summarized and compared with
theory. In Sec. V, the behavior of the NOPF effect in
nematic-isotropic (NI) phase transition and a dielectric-
anisotropy dependence of the APCT are discussed. In
particular, two methods that enhance the NOPE and the
APCT in NLC are presented. These methods were first
suggested by theory and then implemented in our experi-
ment. Finally, Sec. VI concludes the paper.

II. EXPERIMENTAL SETUP

Figure 1 shows our experimental setup. The nematic
liquid-crystal material was introduced between two pieces
of glass with transparent In,0; electrodes on their sur-
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faces. The area of these cells is typically 2 cm?. The
thickness of one type of the cell is d =6.8 and 28 pm for
another type. The material used is SCB (BDH Chemical
Ltd., K15), which has a positive dielectric anisotropy
(Ae=10). The substrate surfaces were unidirectionally
rubbed in an antiparallel manner to produce homogene-
ous nematic molecular alignment. The molecular align-
ment of both types of cell was checked by orthoscopic ob-
servation with a microscope. The samples were il-
luminated perpendicularly by a depolarized xenon-flash-
lamp pulse (for example, energy 15 uJ/cm?, duration 10
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FIG. 2. Typical current transients of SCB sample at a con-
stant temperature of 30 °C, across which (a) a negative voltage of
—30 V is applied, and (b) a positive voltage of +30 V is applied.
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FIG. 3. Photoinduced current dependence of light polariza-
tion. Current ratio means the normalized value of
1,(¢)/1,(90°).

usec). The energy of the light pulse was monitored by us-
ing a joulmeter (Gentec Inc., ED-100A). A stabilized dc
voltage V,,, was applied across the cells to cause the de-
formation of LC. Transient currents were observed
through a series load resistor (1 k) by means of a digital
storage oscilloscope (Iwatsu DS-8621). The measured
signal was also sent to a microcomputer to draw and
display directly the transient current shape (Fig. 2). In-
terference filters (A, =350,400,450,500,550,600,650,
700,750,800,850,900 nm) were used for the measurements
of the spectral sensitivity. In addition to the use of depo-
larized light, a linear polarizer was used to measure the
polarized sensitivity of the APCT. This result (Fig. 3)
was not reported in our previous Letter [1]. To test the
dielectric-anisotropy dependence of APCT a mixture of
nematic azoxy compounds and a biphenyl ester (Merck
Ltd., 997DSM Licristal) having Ae=—0.6 was investi-
gated. The APCT of dye-doped 5CB was also measured
and a great enhancement of APCT in this sample was ob-
served. After the theoretical discussions in the next sec-
tion, this enhancement effect will be discussed.

III. THEORY

The evidence of nonlinear optical mechanism of APCT
and NLC comes from two facts in the experiment [1]: (i)
The magnitude of APCT peaks increases linearly with
the intensity of illuminated light, which is proportional to
the square of the magnitude of the optical electric field,
and (ii) the response time for the first APCT peak is fast,
of the order of microseconds, and is independent of the
applied bias dc field. Both facts seem to reject the trans-
port mechanism of photogenerated or photopyroelectric
ions in LC. The typical response time of ion transport in
LC is of the order of 10—100 msec and has to vary with
applied voltage (see below). Based on a continuum model
of NLC, the theory of nonlinear optics in NLC with good
alignment or with curvature stains has been previously
established for SHG in LC [7]. The present theory basi-
cally follows the comment [2] in which the two peaks of
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APCT have been briefly explained as the photovoltaic
effect of the nonlinear polarization together with the dc
field-induced ion drift to electrodes, i.e., the electric
double-layer effect. The detailed mechanism for the pho-
tovoltaic effect in APCT and NLC has been further
clarified. As shown in Eq. (2), the nonlinear source PNV
has two contributions. The second term of Eq. (2),

P,NL(0)=X,k1(0:w—a))E(a))EIk(a)) N (3)
J J >

plays a dominant role in nonlinear optics for an aligned
NLC. In Appendix A we will show that its contribution
may reduce to the effect that it can combine into the first
term of Eq. (2) as a weaker part. The polarized direction
of PNL in Eq. (3) has to depend on the incident direction
of the light. This effect, however, cannot be verified by
our recent experimental check and will be explained in
Appendix A. In fact, when an applied dc voltage is con-
verse and the incident light is kept in the same direction,
the same converse for APCT but no change in shape [see
Figs. 2(a) and 2(b)] is observed. It is easy to see that this
experimental result is equivalent to the fact that the
APCT is independent of the incident direction of the
light. Therefore the photovoltaic effect for APCT in
NLC is now considered only as a NOPF effect:

PNY0)=x,4(0=0—0,E, )E;(0)E; (o) . 4)

A. Fréedericksz transition in the asymmetric cell

To derive the NOPF tensor x;j(E,,,) we first study
the distortion of NLC induced by electric fields; in partic-
ular, with the planar orientation and with positive dielec-
tric anisotropy. Although the problem has been con-
sidered by several authors [8], it is important to note that
these studies are performed in two extreme cases either
with a conducting nematic sample or an insulating
nematic sample. The distortion in a practical NLC layer
is more complicated by the fact that the electric field is in
general not symmetric with respect to the midplane of
the cell as required in both extreme cases. Experiment
[9] demonstrated that for a NLC sample the field at the
anode is at least ten times higher than the average field.
The effect at the cathode, however, becomes much small-
er. The reason in this example is that, in the cell, the
negative and positive space charges (ions and others) have
different mobility and the electric double layers are
formed by field-induced ion drift to both electrodes in
different ways. A complete quantitative study on this
phenomenon appears difficult because it involves many
chemical and physical processes [10]. In our theoretical
treatment an equivalent circuit shown in Figs. 4(a) and
4(b) is assumed to account for the asymmetry of field,
where R, and C, are the resistance and capacitance of
the electric double layers near the electrodes (especially
for the anode), respectively, and R, and C, are those of
bulk of the cell [11], respectively. At the equilibrium, the
double layers decrease the effective applied dc voltage,
affecting the distortion of the NLC, which is given by

Ver=VapRo/(Ro+R,) . (5)

The energy of the light pulse used in our experiment is of
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FIG. 4. (a) Geometry of nonlinear optical Pockel’s effect in-
duced by the Fréedericksz transition in a planar parallel orient-
ed NLC cell. (b) Equivalent circuit of a NLC cell allowing for
an electrical double layer.

the order of ,uJ/cmz, so it will not be necessary to consid-
er the reorientation effect by the light. The total free en-
ergy of the system F contains two terms associated with
elastic distortion and with interaction of the LC with
field Vg,

F=F,+F, . (6)
F is the Frank free energy [12] given by
Fy=1 [ (K{(V-n)+K,(n-VXn)?
+K;[nX(VXn)]*}dv . 7

K, K,, and K are the splay, twist, and bend elastic con-
stants of NLC and n is the director. In the geometry
shown in Fig. 4(a), the director may be expressed as

n=( cos0,0, sinf) . (8)

The distorted angle 6 is a function of z. The energy of
the field related to the distortion of LC is

—_ Qe 2
F,= gf(Ee-n) dv . ©)
In general E, is not uniform across the sample. Howev-
er, when the influence is considered in R, and C,, the
field given by

_Veﬂ'
© d

is not so far away from reality [9]. By this treatment it is
not necessary to assume that the LC is either insulating

E

(0,0,1) (10)
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or conducting. Another simplification that greatly facili-
tates the mathematics is setting

The total free energy per unit area is now obtained by
[13]:
2
d/2—L

211491 _e2in2

4z dz ,

G=F/dy=3K [

(12)
where A, is the area,
E=(d —Lp)VanK /(VzV Ae)

and Lj is the double-layer thickness. The energy has a
minimum value when 6(z) satisfies

z 6(z)
dz= deé
J‘—d/z z §f9? (sin%6,,

where 69 is the tilt angle of the NLC director at the sur-
face of z=—d /2 (the tilt angle at z=d /2— L, will be
denoted as 0‘2’), and the extreme distortion angle 6,
occurring at z,, may be determined by solving the two
equations

1
— sin

(13)

26)1/2 ’

1

d Onm
+—== do , (14)
M 2 §f0(l, (sinZOM—sinZO)l/2
d 2 1
e 5 = do . (15
2 T gfeg ( sin0,, — sin?0)!/?
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Because the field at the anode is much higher than the
average field and L, is always less than 1 um [11], in situ
we may set 0,,=6) (i.e., z,y=d/2—Lp). From Egs. (5
and (13)-(15) one can only find a critical applied voltage,

Vipo=+(1+R,/Ry)nV4nK /A€, (16)

app

under the condition of 8)=0. The transition of the NLC
at the critical voltage from the undistorted state to the
distorted one is the well-known Freedericksz transition.

Above V3, Egs. (14) and (15) may reduce to
|4 2 p2 1
=< do . a7
Vi T ) 0 (1— sin’6,, sin’6)!”?

By expanding the integral function we obtain the result

S 1= ity (18)

)
app

This formulation allows us to determine the extreme dis-
torted angle 6,, with the applied dc voltage V,,, and will
serve to give the expression of the nonlinear optical
Pockel’s effect in the following subsection.

B. NOPF polarization

In the continuum theory of NLC, the director +n and
—n are considered as equivalent to each other. By keep-
ing only the first order of deformation terms Vn it has
been proved [7] that the most general form of third-order
tensors independent of the detailed mechanisms in a dis-
torted NLC is

Xijk =Blb,-njnk +an,-b]-nk +B3n,~njbk +B4(V-n)ninjnk +B5b,~8jk +368,~jbk +B78ikbj
+Bg(V-n)n;8; +Bo(V-n)d;in; +Bo(V-n)dyn;+Bnng;+Bynn; +B;n;n;

+Bl4njnk,,-+B15nkn,-,j+B16nknj’,- ,

where

an; 0
b=n-Vn, n;; ax, ’ (20)
and B,-B 4 are the material constants dependent upon
the physical processes and mechanism.

Inserting Eq. (8) into Egs. (19) and (20), we can get a
simpler form of the tensor in terms of 6(z) and d6/dz.
With the help of Egs. (13) and (18) the NOPF’s tensor
X(V,app) can then be obtained. However, our interest is
the nonlinear optical polarization associated with the
NOPF effect and we therefore omit giving the heavy for-
mula for x(V,,,). We give directly PN(V,.). If polar-
ized light of frequency w, is normally incident on the LC

cell, the optical field is given by
Eop(z,0)=Ep(z,0)( cosd, sing,0) , 21

¢ being the polarized angle from the x axis [see Fig. 4(a)].
Based on Lambert’s law of absorption we have

(19)

Eop(z,0)=Ege —B(z +d/2)/2(80’moeiq2+5 e %) (22)

W, —wq

where parameter [ is the attenuation coefficient of the
LC, g is the wave number, and E|, is the initial magnitude
of the optical field. With Egs. (4), (8), and (19)-(22), a
straightforward calculation gives the nonlinear optical
polarization along the z axis,

PZNL(Z,CO=O)=E(2)€ —B(z+d/2) cos@

X sinf[ 4 + cos*¢(B +C sinzo)]% , (23)
with A=Bs, B=Bg+B,—B,—B,,—B;;, and
C=B,—B,—B,—B;. For the case of depolarized light

one simply replaces cos’¢ by 1.

C. Photorectification and APCT

To simplify the computation, in the preceding subsec-
tion it was assumed that the light beam intensity can be
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approximated as uniform over the cell surface, i.e., as in-
dependent of x and y coordinates. Following this approx-
imation, the photovoltaic or photorectification effect
caused by the nonlinear optical polarization (OP) may be
represented as an additional emf Ugp across the NLC
layer given by

2443

Uop=Ubp+Ugp , 25
where with the 69=0 and 63=6,,,
Uip=E3m{e P¥sin?09[2 4 + cos’$(2B +C sin?6))]
— 5in?0%[2 4 + cos’$(2B +C sin’6?)]}

V
d/2—Ly —grE2e Bl |20 _

Uop=4r [ un PNY(z,0=0)dz , (24) o
where we omit the contribution of the double layer for ) V app
L, < <d. Inserting Eq. (23) into Eq. (24) and taking the X 14+ cos’d | B+2C pe -1 ’ (26)
partial integration for the obvious angle-dependent terms app
we get and

|
. dn-L,
Ubp =mBE} [ i, ~Blz+d/2) in20[2 A + cos’$(2B + C sin%6)]dz . @7

Accordingly, the term Ujp is the component of Ugp that
depends only on the polarized direction of V,,, but does
not depend on the incident-light direction. The second
term U2, may be regarded as the bulk absorption contri-
bution of the NLC layer. With the midvalue theorem of

the integral, the latter may be evaluated as
Ubp= maf(d —Lp)E3e 2?27t
X sin?0,,[2 4 + cos’¢(2B + Csin%6,,)] , (28)

where 0,, is the deformed angle at z=d/2—L,. The
magnitude of the integral factor « is near 1. Considering
the approximation of Eq. (18) we have the expression
Ul similar to Ugp by

- - vV
Ubp=8maB(d —Lp)E}e Bld/2=Lp) e:pp _1
Varp
2 Vapp
X { A+ cos“¢p |B+2C T_l ) (29)
app

Clearly, the sign of UZp should depend on the direc-
tion of the incident light. Because afid < < 1; however,
we always have |Ugp| < |U$p!|. In other words, the sign
of Ugp is determined not only by the polarized direction
of V,,, but by that of the incident light. This theoretical
result does agree with experimental observations as
shown in Figs. 2(a) and 2(b). On the other hand, there is
a little difference in the magnitude of APCT between
Figs. 2(a) and 2(b) upon a close inspection. This
difference can be revealed by the contribution of Udp.
Because E} « I, where I, is the intensity of the incident
beam, the last two formulations show clearly what is
meant by the NOPF’s effect.

Based on these theoretical treatments and the
equivalent circuit of NLC [Fig. 4(b)], the calculation of
the photoinduced current transients is a straightforward
matter. Before getting into the actual calculation we note
from experiment [9] that the extent of the electric double

layer, mainly occurring at the anode, is not more than
10% of the bulk thickness. Based on a preliminary con-
sideration for a two-plane capacitor (C «<1/] where [ is
the distance of two planes) it is clear that the capacitance
of the electric double-layer C, is large in comparison with
that of bulk C,. So in our previous calculation [2], C, is
neglected. Furthermore, as shown in Fig. 2 we simplify
the incident-light pulse by a Dirac function I,8(z/7y),
where 7 is the duration of the pulse. Then the photoin-
duced current transient I, is obtained (see Appendix B)
by

Uop t 7o t
I = — | = -
"R, 8 o RoC. exp = , (30)
where
RyR.C,
T—m— (31)

The two peak current transients observed in experiment
can be well explained by this expression both in sign and
in shape. In the following section, we give more detailed
comparisons of experimental results with theory.

IV. COMPARISON WITH EXPERIMENT

A. Threshold voltage

Because the cells used in our experiment were treated
as a homogeneous alignment, threshold phenomenon
should exist. In both insulating and conducting extreme
cases, the threshold voltage V. of the Fréedericksz transi-
tion in the splay mode is (47K /A€)'/2. In our present
theory, shown in Eq. (16), however, the threshold value
increases by a factor -(1+R,/R). This was found to be
true qualitatively. Necessary physical constants of SCB
at temperatures near 30°C are set by K =7.20X 10”7 dyn
(at T=26°C) and Ae=¢—¢,=17.1—-7.2=9.9 (at
T =29°C) from a previous measurement [14] and other
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data [15], respectively, and therefore V,=0.89 V from
the above formula. By extrapolating the I, —V,,, curve
shown in Fig. 2 of our Letter [1], we obtained the experi-

mental threshold voltage V;,,=1.5V.

B. 1,-V,p, characteristics

The detailed relationship between the photoinduced
current and the applied dc voltage, i.e., the I,-V,,
characteristics for the cell of d =6.8 um can be found in
Fig. 2 of Ref. [1]. As pointed out previously, the magni-
tudes of the first peak and the second peak of the photo-
current transient yield the same relation of
I, < (V,pp— Viapp )", where the exponent n is about 2.0 for
lower V,,, and approaches 1.0 at higher voltages. These
characteristics confirm our theoretical predictions shown
in Egs. (26), (29), and (30). The decrease of the value of n
with the increase of V,;, is in agreement with the satura-
tion feature of the 6y,-V,,, characteristic curve of the
Freedericksz transition at higher voltages (see, for exam-
ple, Fig. 8 on p. 118 of Ref. [13]).

C. Response times

A direct and simple check for the present theoretical
model can be made from the measurement of the tran-
sient photoinduced current. Equations (30) and (31) show
that each response time 7, and 7 for the two peaks of the
current transient are obviously different in relationship to
the applied dc voltage. The response time 7, is also the
duration of the incident-light pulse as defined in Sec.
III C and, of course, is independent of Vapp, as we have
pointed out [1]. On the other hand, response time 7 is
proportional to C,R,, which is the characteristic time of
the field-induced electric double layer near the electrode.
Therefore the response time 7 has to change with the ap-
plied dc voltage V,,,. We have carried out the measure-
ment to check the above prediction. The result (shown in
Fig. 5) shows good agreement.

10 T T T T T T T
Pulse ¥idth ]
2 A(T)
8 I 100usec:A(t°)~
[ON o(z) 1
o .
8 o | 30 « sec: o)
)
= |
NS/ 4 3
4 |- 1400 ¢n
& 3
2 b 2 d200 >
A & s R 200
i 1 [
0 L Q9 Q ©Q Q9 9 0
0 10 20 30 40

APPLIED VOLTAGE (V)

FIG. 5. Different dependences of two response times 7, and 7
on the applied dc voltages for two different light pulses of 30
usec (circular symbols) and 100 usec (triangular symbols).
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D. Dependence of light polarization

The present theory can be checked by measuring the
APCT dependence of light polarization. This experiment
has been carried out at V,,,=30 V. Figure 3 shows the
measured I, as a function of light-polarized angle ¢. This
result appears to some extent in the characteristic shown
in Egs. (26) and (29). The very weak relationship between
I, and ¢ is borne out of the theory that at a higher ap-
plied voltage, the distortion of the NLC director has to
be near the saturation state in which the NLC directors
are near normal to the surfaces of the cell. In other
words, the cell now has somewhat cylindrical symmetry
with respect to the incident light.

E. Spectral sensitivity

Another piece of evidence is obtained by measuring the
spectral sensitivity of the APCT. A preliminary result
observed in the d =6.8 um cell of 5CB was set in Fig. 3
in our Letter [1]. Again comparing the sensitivity curves
of two peaks currents (V,,,=—30V and T=30°C) with
the spectral absorbance of the LC, we see that all three
curves are linearly related to each other. The reason for
this is clearly due to both contributions described in Egs.
(26) and (29), related to the absorption coefficient 8. The
latter characterizes the spectral absorbance of the medi-
um. In our previous Letter, we were mistaken that the
first-peak current is almost independent of the wave-
length. This mistake was caused by identifying the first-
peak current as anomalous and the second-peak current
as the normal one. From a present reconfirmation, in
fact both peaks of APCT are due to the same mechanism,
as expressed in Egs. (26) and (29).

V. FURTHER DISCUSSION

A. A€ dependence

In the preceding section, we have compared in detail
the experimental results with theoretical predictions and
found good agreement. However, there are two observed
characteristics that have not yet been explained: the
dependence of the APCT on a dielectric-anisotropy Ae
and the anomalous behavior of the APCT in the vicinity
of the nematic-isotropic (NI) phase transition. As report-
ed in our Letter [1], we used the 997DSM LC with nega-
tive A€ instead of 5CB, and found that the photocurrent
changes its direction at the same polarization of V,;,. A
direct study of the mechanism of the NOPF’s coefficients
B, — B¢ may give the answer to this problem. For exam-
ple, in the SHG theory of NLC [7], with special con-
sideration of the contribution of the flexoelectric effect of
LC, it was shown that some B;’s may be expressed by [see
(4.25) of Ref. [7] ]:

,_ Ae(w)ess(0)—e (0]
dr(lw?+iy,0")

, (32)

where new parameters e; and e;; are the flexoelectric
coefficients, and I and y, are the moment of inertia of the
7 electrons per unit volume of the NLC and the light dis-
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sipative constant, respectively. Specifying the present
photorectification in Eq. (32), we should set ®=0 and
o' =w, (the incident-light frequency). So the dependence
of I, on Ae can be explained by the flexoelectric effect.
But the B, —B 5 may not only come from the contribu-
tion of flexoelectric effect; therefore in the following we
will give a more general consideration to understanding
this problem.

In the SHG theory of LC it was shown that for an
aligned sample, the fourth-order tensor of NLC may in
general be written as [Eq. (28) of Ref. [7] ]

Xijin = Ayninmn+ Aynindyy + Azning 8y
+Anin 8y + Asnnd;;+ Agnjny 8,
+ Aynn 8y + Ad,;0y
+ 4988+ 4108;8; - (33)

The NOPE’s third-order tensor X;; shown in Eq. (19)
can be forward generated by inserting the operator V,

2445

into each term of the right-hand side of Eq. (33) with
every possible permutation. It is easily seen that the non-
vanishing terms by this generation are identical to that of
Eq. (19). So the general character of B; — B4 should be
similar to that of 4, — A4, except for a unit factor of e,
[see Egs. (4.16) and (4.24) in Ref. [7]].

A statistical analysis [16] shows that all the 4; can al-
ways be expressed as linear functions of the order param-
eters S, and S, [the detailed definitions of which are
given in Eq. (3.8) of Ref. [7]]. The same is true for
B, —B 5. In LC theory [17], the dielectric anisotropy Ae
may be accepted as the macroexpression of order param-
eter, in particular of S,. Hence, the linear relation be-
tween B; and A€ is generally held.

B. Behavior in the NI transition

Similar to the Sec. VA, we now give a general con-
sideration for the behavior of the APCT in the vicinity of
the NI transition. By putting V; on the left of 4; in Eq.
(33), we generate in form a novel third-order tensor of the
NOPF effect as

Xije =(Vi Anininn +(V, Ay)nin; 8 +(V, Aydnin 8, +(V, A nin 8 +(V, As)ngn

H(V, Agnin 8, +(V, Aq)nin8y +(V, Ag)8;;8;+(V, 49088, +(V,) 4168;8; . (34)

Here A, — A, are functions of the order parameters S,
and S,. In an equilibrium nematic phase the orientation-
al order of NLC molecules is uniform in space and both
order parameters are functions of temperature only. In
other words, all V, 4; vanish and so x;; does not affect
the results discussed in the preceding sections. However,
a different situation will occur at the NI phase transition.
As discussed in Landau-de Gennes theory of NLC [18],
heterophase fluctuations occur between phases and cause
the nonuniformity of order parameters in space. Accord-
ingly, in the vicinity of the NI-transition temperature T,
these fluctuations produce a sudden change in the values
of the order parameters in a local region, from
S,=S,=0in the isotropic region to the nonvanishing S¥
and S¥ in the nematic one. So in Eq. (34) the terms

34,

VIAm(SZ’S4)= V1S4 (35)

aA"’vs +
aSZ 192

may infinitely diverge at the interregion between the two
phase regions. It is then easy to imagine that the APCT
associated with the contribution of novel tensor y’ might
display a critical behavior in the vicinity of T, as shown
in the experiment [see Fig. 4 of Ref. [1]]. In fact, the
same critical phenomenon was also found in the LC Kerr

effect [19], in which the electric field induces a
birefringence near the NI transition
An= kEﬁpp , (36)

where k is the Kerr constant and it increases sharply at

T,. We believe the critical phenomenon in the Kerr
effect is similar to that in the APCT.

C. Enhancement by exposure and dye doping

The above discussions have given a more complete
answer to the phenomenological origin of the APCT. In
this subsection, we supplement some applications of the
present theory to the enhancement of the APCT effect.

In general, the conversion efficiencies of the LC photo-
voltaic device reported [20,21] up to now are much lower
than those of inorganic materials. One reason for this
can be seen from the prediction of Eq. (30) that the bulk
resistance R, is very large, i.e., the mobility of charge
carriers is very low. This was true in our observation.
We found that the SCB sample in a fresh stage could not
produce an obvious APCT effect (in this case its resis-
tance is R =200 MQ [22]). We expose it with strong
flash light for some time to decrease its resistivity [15].
After some exposure the APCT of this sample can be
easily observed and its APCT is enhanced. For the exam-
ple of d =6.8 um in thickness reported in our Letter [1],
the final value of R may be estimated by the dark current
2 cm”X0.5 pA/cm’ and the applied voltage ¥,,, =30 V.
The result is R =30 MQ.

A more efficient approach to enhancing the APCT
effect of NLC was found by the theoretical prediction
given in Eq. (28) related to the bulk contribution of the
photorectification. The enhancement is clearly dominat-
ed by the absorption coefficient 8. This motivated us to
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FIG. 6. Photoinduced current transients in a dye-doping
NLC cell, with inset showing the molecular structure of the
doping dye D16.

use dye doping, which serves for the enhancement of
APCT in NLC because the dye doping can greatly
enhance the light absorption of LC [13]. This experiment
was carried out for the sample-doped 1.07 wt % dye D16
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[1-hydroxy-4-(4’-nonoxynilino)-anthraquinone] (see Ap-
pendix 8 of Ref. [15]) in 5CB. Without pretreatment of
multiexposure, the dye-doping cell shows a great im-
provement in enhancement of APCT. From the mea-
surement of the light energy, the enhanced ratio is es-
timated to be more than 10, as shown in Fig. 6. Further-
more, the dye doping also reduced the resistivity of the
cell.

D. Hedgehog shape in APCT

The last problem is to discuss the “hedgehoglike” noise
occurring in a front part of the APCT shape (see Fig. 2).
A part of the hedgehog shape before the light pulse is ap-
parently an electric noise induced by the discharge of the
xenon lamp. However, a part of the hedgehog shape
after the light pulse may not be noise but a real part of
the APCT inclined in our presented theory. If we do not
neglect the influence of the bulk capacitance C, in an
equivalent circuit shown in Fig. 4(b), the complete form
of APCT I, will be given instead of Eq. (30) by

- Uop |CoC.(R,+R,) 4 t (C3R,+C2R,)Ry+R,) |
P Ry+R, C,t+C, dt |7, (Co+C,)*RyR, To
(CoRo—C,R,)X(Ry+R,)T,
N R2p2 exp | — ’ (37)
(Co+C,)RGR;
I

where the dye-doping effect may be due to the increase of Ae
(Co+C.)R.R and/or the decrease of K [see Eq. (16)], although the au-
p=——0 e 707 (38) thors of Refs. [23] and [24] did not claim these origins.
Ry +R, In the absence of additional information, however, we

One finds that the first term, the differentiation of 8(z /7),
gives a sharp up and down hedgehog shape in a front part
of the APCT. In our present experimental setup, it is
difficult to separate perfectly these noise and signal parts
in a hedgehog shape of the APCT. Illuminating mono-
chromatic light through an interference filter to a dye-
doping sample described in Sec. V C, however, we have
measured the APCT to make the hedgehog signal clear.
The result is shown in Fig. 7. From this measurement
the sharp up and down hedgehog shape of APCT is obvi-
ous. In an advanced experiment, the hedgehog signal
predicted by Eq. (37) will be made more clear.

One possible reason for such a dye-doping effect is that
the dye-doping cell has a larger value of bulk capacitance
C, because we conjecture that the dye doping may also
enhance the values of the dielectric constant. As report-
ed earlier [23,24], optical reorientation in a dye-doping
sample occurs at very low light-intensity levels. For ex-
ample, the optical Freedericksz transition occurs at 1.5
mW input power in homeotropic films of the impurity-
host system using D82E63. This threshold value corre-
sponds to the typical value of 100 mW observed in trans-
parent nematic liquid crystals. It may be inferred that

cannot be sure of the inference and leave this as an open
question.

Photocurrent
(2-=400 nm)

PHOTOCURRENT ( u A/cit)

;] ‘ 46 ‘ 5;0 120 160
TIME (usec)

FIG. 7. Photoinduced current transient shape (hedgehog) for
monochromatic light illumination of wavelength 400 nm in a
dye-doping NLC cell. Because of the use of an interference
filter, the intensity of APCT is weak.
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VI. CONCLUSIONS

The mechanism of the anomalous photoinduced
current transients in NLC has been made clear by the
theoretical treatment based on a nonlinear optical
Pockel’s effect in an asymmetric cell induced by the
Freedericksz transition. The explicit expression is given
for the photovoltaic emf in the case of the splay mode of
NLC, including contributions both from molecular tilt in
asymmetric way and bulk absorption of the light. With
an equivalent circuit to account for the dc field-induced
ion drift to electrodes, the obvious photocurrent formula
is obtained and shows good agreement with experiment.
The general behavior of nonlinear optical Pockel’s
coefficients is discussed with Landau—de Gennes theory.
The greater part of the characteristics observed in our ex-
periment have been well explained. The present theoreti-
cal prediction also motivates us to find two methods, ex-
posure and dye doping, to enhance this novel optoelectric
effect. These results suggest that the effect of the field-
controlled photoinduced current transient with doping
technique may change the application of LC from recent
passive display style to the active information- and
energy-conversion mode. This may be useful in a poten-
tial application to future optical and neural-network
computers. Of course, in this study there remain many
problems to be studied, e.g., the detailed mechanism for
giving the quantitative values of NOPF coefficients
B, —B ¢ and the field dependence of the parameters of

PzNL(z,(u=0)
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the nonlinear circuit R,, C,, and so on. The former re-
lates not only to physics but also to optochemistry and
may be more difficult to deal with. The latter may be
solved in physics but will be concerned with the non-
linear dynamics of both ions and LC. A program for the
latter problem is in progress [25].
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APPENDIX A: CONTRIBUTION
OF FIELD GRADIENTS

By straightforward manipulations of Eq. (2.12) in Ref.
[7], and Egs. (8), (21), and (22) one can show the contribu-
tion of field gradients denoted in Eq. (3) by

=EZe Petd/D(lig(A4,— AT)—B(A,+ A¥)] cos?@sin’Ocos’p
+[ig(A;—A})—B(A;+ A%3)]sin’0+[ig(A,— A%)—B(A;+ A¥)] cos? cos’p

+[ig(Ag— AF)—B(A;+ A45)1},

where the 4; (j=1,3,7,9) are material constants. In
more detail, the complex functions of w, read as
A4;(0, —wg,wg) [see Eq. (2.13) of Ref. [7]]. Comparing
Eq. (A1) with Eq. (27) one finds that this contribution can
completely combine into the effect of U2p and there is no
need to consider it solely. In addition, as discussed in
Sec. III C, the effect is related to the direction of the in-
cident light and has been shown in experimental observa-
tion to be a weaker part in Ugp.

APPENDIX B: DERIVATION OF EQS. (30) AND (37)

To elucidate current transients in a linear circuit, one
needs the use of the Laplace transform method. As a first
step, we have to simplify the function of the light pulse
intensity. The light pulse f(¢) shown in the illustrations
does not seem to be well represented by & functions. For
the integral equality fIOS(t/TO)dt =Ioro=ff(t)dt,
however, the expediency of setting f(#)=1,8(t/7,) is

(A1)

[

usual practice. Accordingly we make
Uop(t)=Ugpb(t /7y) and obtain its image function of the
Laplace transform,

OOP(S)zfome_StUop(t)dt=UOPT0 . (Bl)

Considering the integral operation for the Laplace trans-
form

['Fdt—-LEs) (B2)
0 N

in linear-circuit theory, the capacitance C can be seen as
a resistance C(s)=1/(Cs). Therefore, from the
equivalent circuit shown in Fig. 4(b) (also set C,=0), we
then have the image function for I,,(z),
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T,(s)=00p(s)/{Ro+[1/(C,5)IR, /[R, +1/(C,5)]}

— UOP
RO

{ro—T0/[RoCcls +7)1} , (B3)

where 7 is given in Eq. (31). The original function of

1,(s) is just the result shown in Eq. (30). If C,#0, the

last equation changes into

T,(5)=00p(s)/{Ro[1/(Cy5)]/[Ro+1/(Cos)]

+R,[1/(C,9)]/[R,+1/(C,5)]} . (B4)

This leads to the complete form of I,(z) shown in Eq.
(37).
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