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Electro-optic response of surface-induced nematic order above the nematic-isotropic
phase transition temperature

Jong-Hyun Kim, Rolfe G. Petschek, and Charles Rosenblatt
Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106-7079

~Received 10 February 1999!

The optical retardation of a liquid crystal above the nematic-isotropic phase transition temperatureTNI and
subjected to planar alignment conditions at the substrate was investigated in the presence of an electric field
applied normal to the substrates. The response was found to exhibit ‘‘S’’-shaped behavior with electric field,
and was larger nearTNI than well aboveTNI . The results were examined in the context of a model that permits
both biaxiality and a field-induced tilt of the molecular director. The results suggest that the primary effect of
the electric field is to induce biaxiality, and in consequence suppress the order induced by the surface. No clear
indication of a Freedericksz-like transition, either experimental or theoretical, was observed.
@S1063-651X~99!05811-0#
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The subject of wetting at the nematic-isotropic~NI! phase
transition was investigated some 20 years ago@1#, and since
then has received considerable attention both experimen
and theoretically@2–6#. Above the NI transition temperatur
TNI , an appropriately prepared surface can induce nem
ordering in the otherwise isotropic bulk phase, with the o
entational order decreasing as one moves away from the
face. The precise behavior of the order parameter is de
dent on the interaction energy between the liquid crystal
the alignment layer, and depends strongly on temperat
especially in the vicinity ofTNI . If the interaction between
the liquid crystal and the surface is sufficiently strong, t
uniaxial order parameterS(z) integrated along the surfac
normal diverges logarithmically on approaching the fir
order phase-transition temperature@1#; this would corre-
spond to complete wetting by the nematic phase. If
surface-induced order~‘‘paranematic order’’! is not suffi-
ciently large, only partial wetting occurs. These behavi
may be seen experimentally using optical ellipsometry te
niques@1,3–5#.

In this paper we report on an experiment that probes
influence of an applied electric field on the surface-induc
nematic order aboveTNI . Although previous work is rela-
tively sparse, there nevertheless have been a few experim
tal results that have examined this issue. For example,
nov, Kabayenkov, and Sonin used the saturation of
director response to an applied field to determine the sur
anchoring energy in the nematic and isotropic phases@7#.
Not surprisingly, they found a much smaller value of anch
ing energy in the isotropic phase than in the nematic ph
Seoet al. examined the response of the planar-aligned dir
tor ~i.e., aligned parallel to the substrate! to an electric field
applied perpendicularly to the substrate@8#; the dielectric
anisotropyD« of their liquid crystal wasD«.0. Although
they interpreted their electro-optic response as a Freederi
transition, their optical phase retardation seems to be m
too large to be associated with surface-induced nematic
der. It may have been that their signal was due in par
heating effects from the applied ac field, although this is o
conjecture on our part.
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We recently have revisited this problem using a puls
field technique, a method that obviates any heating prob
when the duty cycle is small. Our central results are that
change of the phase retardationa@[*kDndz# has an ‘‘S’’-
shaped behavior with applied field, and that there is no
parent Freedericksz transition. Herek is the wave vector of
the light andDn is the optical birefringence. These resul
which appear to be at odds with those of Seoet al., are
analyzed in terms of both a possible Freedericksz transi
and electric field-induced biaxiality of the order paramete

Indium-tin-oxide coated glass slides were spin-coa
with the polyimide CU-2012~Du Pont! for 30 s at a rate of
3000 rpm; this polyimide is known to induce only a very tin
pretilt angle in the liquid crystal@9#. The slides were pre-
baked for 30 min at 80 °C, and then baked for 1 h at 150 °C.
The polyimide surfaces were then rubbed using an Opt
rubbing machine to induce planar alignment of the liqu
crystal. Two rubbed glass slides were separated by 6mm
Mylar spacers and cemented together. The cell was filled
temperature aboveTNI542.0 °C with the liquid crystal hep-
tylcyanobiphenyl~7CB!, obtained from Merck. When coole
into the nematic phase, the cell showed clean planar al
ment. The NI coexistence region was found to be appro
mately 20 mK, and the temperature differential across
mm diameter spot on the cell was also about 20 mK. Th
the laser beam sampled both bulk nematic and paranem
phases simultaneously over a;40 mK region nearTNI . This
places a lower limit on the experimentally accessible te
perature region near the bulk phase transition temperatu

As the experiment was performed in the vicinity ofTNI , it
was essential that we avoid field-induced temperat
changes in the liquid crystal. Thus, we chose to use a pu
field with alternating positive and negative pulses@10#. The
temporal width of the pulse was 1 ms and the interval
tween pulses was 1s. This very long duty cycle was suffici
to avoid field-induced heating of the liquid crystal. Mor
over, alternation of the pulse polarity prevented ion w
buildup in the cell. The cell was inserted into an oven th
was temperature controlled to 2 mK, and temperat
changes were made by ramping the temperature at a ra
30 mK min21.
5600 © 1999 The American Physical Society
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To determine the optical phase retardation that arises f
the nematic layer, we used a Pockels cell modulated at
proximately 100 kHz in conjunction with a phase sensit
detection scheme. Details are described elsewhere@11#. The
Pockels cell was enclosed in its own temperature-contro
oven in order to minimize the drift of the offset signal wi
time. The liquid crystal was subjected to the applied volta
and the time-dependent output from the lock-in amplifi
~proportional to the optical retardation! was input to a digital
storage oscilloscope. For each value of pulse height,
electric field, the oscilloscope collected data for 500 puls
resulting in a crisp, average optical profile of the optic
retardation vs time. Pulse heights ranged from zero to 1
statvolt cm21. Data were first collected at the highest tem
perature, and data from about a dozen values of pulse am
tudes were recorded. The temperature was then lowered
data were again taken at a dozen different values of ele
field. This sequence continued until the transition tempe
ture was reached.

Figure 1 shows an example of the phase retardationa vs
temperature for zero electric field. The existence and te
perature variation ofa come about from the surface-induce
order of the liquid crystal, such thata increases as the tran
sition temperature is approached from above@1#. For this
case it appears that wetting is only partial at the transit
@12#. The data in Fig. 1 serve as the baseline for the fie
dependent measurements, i.e., on application of an ele
field the phase retardation decreases from that shown in
1, and at a given temperature it is the change ofa vs fieldE
that is important in the analysis.

Figure 2 shows the raw data of the electric-field respo
averaged by the digital storage oscilloscope. Two differ
representative temperatures are shown~a! T5TNI11.8 °C
and~b! T5TNI10.24 °C. Over the range of our experime
tal parameters we have verified that the main response to
electric field ~after an initial relaxation time that is sho
compared to the pulse duration! depends only on the ampli
tude of the pulse. We note, however, that there is ofte
secondary response following the main response to the p
as seen in Fig. 2~b!. The amplitude, duration, and shape
this secondary response depend in complicated ways on
amplitude and duration of the applied electric field. This su

FIG. 1. Phase retardationa of the cell vsT2TNI .
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gests that this response involves some non-Ohmic disch
of the cell or some other nonlinear response of the cell to
applied field. We will not discuss this response further in t
paper, but rather concentrate only on the primary~rectangu-
lar! response to the applied pulse.

Figure 3 shows thechangeof phase retardationDa vs
applied electric field at five different temperaturesDT
@5T2TNI# relative to the bulk phase transition temperatu
TNI. Da is defined as the difference between the base
retardation~Fig. 2! in zero field and the depth of the troug
in the presence of a field. Notice that the responseDa vs E is
relatively small for weak fields, then shows a sharp rise
medium-level fields, and again flattens out at larger fields
this is the S shape referred to above. At lower temperatu
closer toTNI the steep slope regime occurs at a lower fie
than it does at higher temperatures. Additionally, no disc
tinuity is observed in the slope, i.e.,Da is nonzero for all
nonzeroE. This result is inconsistent with the entire chan
in retardation being due to a Freedericksz transition, un
the threshold fieldEth were identically zero. However, supe
ficially it may be consistent with a slow change in the bir
fringence followed by a Freedericksz transition starting
the knee in the retardation curve. However, we find that
location of this knee corresponds to a bulk effect: The fie
induced isotropic~paranematic!-to-nematic transition is close
to this field @13#. Another feature of the data is that the fla

FIG. 2. Response of the cell to the electric field vs time. D
from two representative temperatures are shown.~a! T5TNI

11.8 °C, and~b! T5TNI10.24 °C. In each panel, from top to bo
tom the applied fieldE5270, 600, 930, and 1200 statv cm21. The
vertical bar in each panel corresponds to a retardation of 0.01
for data in that panel.
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tening at high fields occurs at larger values ofDa for lower
temperatures than it does at higher temperatures. This is
unexpected, as both the surface-induced order and the
ceptibility are larger at lower temperatures. However, we
not certain that the high-field response is actually saturat
it may continue to increase with decreasing slope asE con-
tinues to grow.

Given these results, we now examine a model for
observed behavior. Prior to doing so we estimate the
pected Freedericksz threshold field strengthEth . Unlike a
typical bulk nematic, this system has an order parameter
changes rapidly in space. In particular, the bulk region in
center of the cell has at most a tiny order parameter that d
not contribute to the threshold. Thus, we can assume tha
length scale of the ordered region is of order a nematic
herence length (L/3a)1/2, wherea is the coefficient of the
quadratic term andL is an elastic constant associated w
spatial variations of the order parameter in the Land
DeGennes free energy@14#. Using this value for the thick-
ness d in the Freedericksz threshold field equationEth
5p(K/D«)1/2/d, whereK is an elastic constant andD« is
the dielectric anisotropy, we findEth;1000 statvolt cm21 for
typical values of these parameters. As this is within the ra
of our experiment, we allow in our theoretical model f
such a transition.

First, we assume that the direction normal to the alig
ment surface corresponds to thez axis and the rubbing direc
tion to thex axis. We begin with the usual Landau-DeGenn
@14# free energy, including the electric field and surfa
terms:

F5E dzF1

2
L~]QJ !21

1

2
a~T2T* !QJ 22

1

3
QJ 31

1

4
QJ 4

2
1

8p
D«oE•QJ •EG1WJ •QJ ~z50!.

Here a, b, and c are the Landau-DeGennes coefficients
the free energy associated with the tensor order param
QJ , D«o is the dielectric anisotropy for complete alignmen

FIG. 3. Phase retardation changeDa vs applied electric field at
five different temperaturesDT50.14 ~j!, 0.24 ~d!, 0.38 ~m!, 1.0
~.!, and 1.8 °C~l!, whereDT5T2TNI .
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T is the temperature,T* is the supercooling limit of the
isotropic phase, andWJ is the surface interaction paramet
tensor.

In principle, it would be possible to minimize this fre
energy for a general tensor order parameterQJ . However,
simple arguments suggested that there would be a Free
icksz transition. In order to account theoretically for this po
sibility we must consider a tensor order parameter with th
independent components and solve three coupled, nonli
differential equations. To make the calculation tractable,
divided the order parameter into two components: One is
surface-induced order parameter (QJ s) and the other is the
electric-field-induced order parameter (QJ E). We assume tha
QJ E and QJ s are both uniaxial, any biaxiality comes from
combining these two tensors, and the principle eigenve
of QJ E is parallel to the field~that is to the surface normal!.
To allow for the possibility of a Freedericksz transition, w
assume that the director forQJ s can rotate in the plane con
taining the rubbing direction and the electric field. Wi
these assumptions we can define the order parameter te
by

QJ5QJ E1QJ s ,

QJ E5SES 21/2 0 0

0 21/2 0

0 0 1
D ,

QJ s5SsRJS 1 0 0

0 21/2 0

0 0 21/2
D RJT, ~1!

where

RJ5S cosu 0 sinu

0 1 0

2sinu 0 cosu
D

and

WJ 5wS 1 0 0

0 21/2 0

0 0 21/2
D .

Hereu corresponds to the rotation angle of the director in
x-z plane,RJ is a rotation tensor,SE andSs are scalar order
parameters, andw is the strength of surface interaction.

The free energy may then be written asF5FE1Fs
1FEs , whereFEs is a cross term that couples the surfac
induced and field-induced order parameters, such that

FE5E dzF1

2
L~]QJ E!21

1

2
a~T2T* !QJ E

22
1

3
bQJ E

31
1

4
cQJ E

4

2
1

8p
D«oE•QJ E•EG1WJ •QJ E ,
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Fs5E dzF1

2
L~]QJ s!

21
1

2
a~T2T* !QJ s

22
1

3
bQJ s

31
1

4
cQJ s

4G
1WJ •QJ s ,

FEs5E dzFL~]QJ E!~]QJ s!1QsS a~T2T* !QJ E2bQJ E
21cQJ E

3

2
1

8p
D«oE2D1S 2bQJ s

2QJ E1
3

2
cQJ s

2QJ E
21cQJ s

3QJ ED G .
Additionally we assume that the surface-induced or

parameter is small and does not affect the solution forQJ E .
On substituting the form forQJ E in Eq. ~1! into FE , we find

FE5E F1

6
LS dSE

dz D 2

1GE~SE!G1
1

4
wSEo ,

where

GE~SE!5
1

2
a~T2T* !SE

22
1

3
bSE

31
1

4
cSE

42
1

8p
D«oE2SE .

On minimizing FE we obtain the differential equation an
boundary condition:

S dSE

dz D5A6

L
@GE~SE!2GE~SEb!#

1/2 ~2!

and

@GE~SEo!2GE~SEb!#
1/25

w

8
A6

L
.

SEb is the electric-field-induced bulk order parameter alo
the electric-field direction andSEo is the order parameter a
the surface along the same direction. Moreover, in Eq.~2! we
note that

GE~SE!2GE~SEb!5~SEb2SE!H 2
1

2
a~T2T* !~SE1SEb!

1
1

3
b~SE

21SESEb1SEb
2 !

2
1

4
c~SE

21SEb
2 !~SE1SEb!

1
1

8p
D«oE2J .

Near the boundary, the leading factorSEb2SE varies rapidly
in space, although the remaining factor does not. In con
quence we can takeSE'SEo and the factor in braces$ % may
be defined asf o , from which we obtain an approximate so
lution SE(z):

SE~z!5SEb2S ~SEb2SEo!
1/22

1

2
A6 f o

L
zD 2

, 0,z,z1 ,

SE~z!5SEb , z.z1,

where
r

g

e-

z152A L

6 f o
~SEb2SEo!

1/2.

We now calculate the behavior of the surface-induced
der parameter by minimizingFs1FEs :

Fs1FEs5Fsurf1Fbulk1Fcoupling,

Fsurf5wSsS 1

2
sin2 u2

1

3D ,

Fbulk5E dzFL

6 S dSs

dz D 2

1
1

2
LSs

2S du

dzD
2

1G~Ss!G ,
Fcoupling5E dzF2

1

2
bSs

2SE~3 sin2 u21!

1
3

4
cSs

2SE
2~sin2 u11!1

1

2
cSs

3SE~3 sin2 u21!G ,
where

G~Ss!5
1

2
a~T2T* !Ss

22
1

3
bSs

31
1

4
cSs

4.

Using this free energy we obtain a pair of second-order
ferential equations from which we can extractSs(z) and
u(z). Note that the electric field appears indirectly as a co
sequence of the coupling betweenQJ E and QJ s . On making
the substitutionz85(3a/L)1/2z, the differential equations for
the bulk become dimensionless:

a~T2T* !
d2Ss

dz82 53a~T2T* !SsS du

dz8D
2

1S dG~Ss!

dSs
D

2b~3 sin2 u21!SsSE

1
3

2
c~3 sin2 u21!Ss

2SE

1
3

2
c~sin2 u11!SsS,

a~T2T* !Ss

d2u

dz82 12a~T2T* !
dSs

dz8

du

dz8

5S 2
b

2
SsSE1

c

2
Ss

2SE1
c

4
SsSE

2 D sin~2u!.

The boundary conditions are given by

du

dz8
U

z850

5
w

2A3a~T2T* !L

1

Sso
sin„2u~0!…,

dSs

dz8
U

z850

5
3w

2A3a~T2T* !L
S sin2 u~0!2

2

3D ,

whereSso is the scalar order parameterSs at the interface.
With these equations we may obtainSs(z) and u(z) for a
given electric field and temperature.

In our experiment the change of optical phaseDa is
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Da5
2p

l
DnoS E

0

`

Ss~z,E50!dz

2E
0

`

Ss~z,E!cos2 u~z!dzD ,

where Dno is refractive index anisotropy assuming ful
saturated orientational order andl is the wavelength of light.
We have approximated the anisotropy of refractive index
being proportional to the order parameter.

Because we know neither the actual surface order par
eter nor the interaction energy, we attempted to achiev
match between the measured signalDa and the calculated
result by choosing a reasonable surface order parameteSso
at a given temperature. With that value ofSso we were able
to determine the interaction energy coefficientw that induces
this value Sso by matching the calculated result with th
boundary conditions—the surface-induced order param
asymptotically goes to zero in the bulk—at that temperat
when there is no electric field. With this now temperatu
independent parameterw in hand, we then calculatedSso and
Da as functions of temperature. For these calculations w
used the following material parameters:D«o517.5; L
52.0531026 dyn; Dno50.4; a52.13106 erg cm23 K; b
53.33107 erg cm23; c58.13107 erg cm23; TNI542.0 °C;
and T* 540.6 °C @15#. As D«o and L are the dielectric an-
isotropy and elastic constant for fully saturated order,
could calculate these quantities as functions of the order
rameter@16,17# by assuming that the dielectric anisotropy
proportional to the order parameter and elastic constan
proportional to the square of order parameter. From the
pendence of these quantities on the order parameter
could then retrieveD«o andL at S51, as required. Note tha
for L we chose to use the average of the splay and b
elastic constantsK11 andK33.

For these calculations we began with an interaction
ergy coefficientw50.63 erg cm22 and the surface order pa
rameter Sso50.28 at T2TNI50.38 °C. This value forw
would correspond to an anchoring energy coefficient;0.1
erg cm22, a value a bit larger than typical experimental r
sults @7,18#. Although Blinovet al. noted that the anchoring
energy should be reduced to about one-tenth its nem
phase value in the isotropic phase, there is no reason in
model for this to occur, and our value forw is quite reason-
able.

In Fig. 4 we plot the behavior of the surface-induced s
lar order parameter at the surface (Sso), the field-induced
scalar order parameter in the bulk (SEb), and the field-
induced scalar order parameter at the surface (SEo) calcu-
lated as a function of the electric field assuming that the
angleu is always zero. Note thatSEo has a negative value fo
small electric fields and becomes positive at high fields. T
is because of the coupling between the interaction tenso
the surface and the field-induced order parameters, thu
sulting in a small amount of biaxiality at the surface. On t
other hand,SEb is a bulk response to the electric field, and
not significantly affected by the orderSso at the surface.

We also assessed the possibility of a Freedericksz tra
tion by calculating the behavior when there is a small pre
One of two possibilities was expected:~i! at some field there
s
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is a state that involves a 90° rotation of the order parame
which at some other field has a lower free energy than
state with no rotation, and~ii ! at some field there is a stat
that has a small rotation. The first of these cases would re
in a first-order Freedericksz transition, the second would b
second-order Freedericksz transition. We found that ther
usually a nearly equal free-energy state that has a 90° r
tion of the director~so that the surface induced order para
eter is, far from the surface, parallel to the electric field
rection rather than along the rubbing direction!. However, it
is very difficult to satisfy the boundary conditions precise
with this solution, or at least there are always small nume
cal errors. Additionally, this 90° rotation of the director o
curs when the surface-induced order is very small. This
why the free energy is always very close to the free energ
the undistorted state. Hence, we believe that this state i
artifact of our calculation method, rather than an actual n
state: It would be extraordinary if there were two actu
states that had such similar free energies over a rang
conditions. The predicted birefringence of this state is, in a
case, very similar to the predicted birefringence of theu
50 state, so that distinguishing them experimentally wo
be difficult. Thus, we believe that there is no Freederick
transition.

Let us return to the case of zero pretilt angle. In Fig. 5
show the calculated retardationDa as a function of electric
field for three different temperatures. Semiquantitative
these results are similar to the experimental results in Fig
viz, a nonzero retardation change even at small elec
fields, a rapid increase ofDa with field in the neighborhood
of several hundred statvolt cm21, and a leveling out at highe
fields. Moreover, the maximum response at temperatu
closer toTNI is larger for both the experiment and mod
calculation, and the curves tend to be less sharp at hig
temperatures. Despite these clear areas of agreement, d
ences between experiment and the model may be foun
the details. For example, the experimental result display

FIG. 4. Calculated order parameters vs electric field.Sso ~j! is
the surface-induced surface order parameter along the rubbin
rection, SEb ~d! is the field-induced order parameter in the bu
and SEo ~m! is the field-induced order parameter at the surfa
along the electric-field direction. Values are obtained usingT
5TNI10.38 °C,w50.63 erg cm22, E50, andSso50.28.
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more gradual increase ofDa with E than does the mode
calculation, and the magnitudes of the experimental reta
tion are less strongly temperature dependent than the m
calculations. For example, although values ofDa at DT
50.38 °C are similar for both experiment and model, t
model calculations atDT50.24 and 1.00 °C are larger an
smaller, respectively, than corresponding experimental
ues.

In order to understand this behavior, we need to cons
several sources of error and uncertainty. We note from R
@13# that the uncertainty inTNI2T* is about 0.3 °C. If we
were to changeTNI2T* by only 0.2 °C, we would find
markedly better or worse fits to the experimental results,
pending upon the particular temperature being fitted. Si
larly, the uncertainty in our choice forL would have a like
effect. We also need to consider the effects of adistribution
of surface interaction energies. Because of the nature of
rubbing process, it is entirely possible that over very sm
length scales of order a nematic correlation length the in
action coefficientw may vary by as much as 40%@12#: A
spatial distribution ofw will affect Sso directly, and through
the higher-order terms in the free energy, will affectSE as
well. The overall result would be to introduce some round
of the experimental data, as observed. We also need to
sider the possibility of a small pretilt angle. For this ca
there would be a small nonzero torque on the director, wh
also would tend to introduce rounding into the experimen
results. We believe that this effect is at most a small con
bution to the measured signal. Finally, we are able to sh
on symmetry grounds that neither order electricity@19,20#
nor flexoelectricity@21# affect our system.

An additional issue involves the form we have chosen
the surface interaction term. In our model we assume tha
interaction between the liquid crystal and the alignment la
is proportional to the surface order parameter, and thus
anchoring energy is proportional to the order parameter.
perimental results, however, indicate that the anchoring
ergy may be proportional to thesquareof the bulk order
parameter@18,22#. It has been suggested that the surface
teraction should also include a term proportional to
square of the order parameter@6,23#. Using this additional

FIG. 5. Calculated phase retardation changeDa vs electric field
at three different temperaturesDT50.24 ~d!, 0.38~m!, and 1.0 °C
~.!. Da is calculated using the parameters in Fig. 4.
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term in the free energy, Moses and Shen were able to exp
their observed dewetting phenomena at the NI phase tra
tion. In this light, let us apply this additional surface ter
WJ 2•QJ 2. Note that the two surface terms have the same s
metry, but different coefficients. Since this procedure int
duces another parameter, we adjust the magnitudes of
two surface terms so that the difference of coefficients for
sin2 u term is comparable to a reasonable anchoring ene
Even with this additionalWJ 2•QJ 2 term, we still find no rota-
tional response of the director to the electric field, althou
the agreement between the model and the experimenta
sults is improved. Thus, the addition of a surface term p
portional to the square of the order parameter improves
fit, but does not substantially change the physics of the pr
lem.

If we examine the equations governing the system, th
is no direct interaction between the surface induced dire
(QJ s) and the electric field, but rather an indirect interacti
through the field-induced director (QJ E). Although bothQJ s

and QJ E are uniaxial, their interaction results in an overa
biaxial order parameter. With increasing electric field, bo
the magnitude and spatial range ofQJ s decrease as the mag
nitude ofQJ E increases. In consequence the measured si
is closely related to the~indirect! response ofQJ E . In the
region of small electric field, the response of the director
Kerr-like, asDa changes linearly withE2 @15#. Close to the
bulk transition temperatureTNI , SE exhibits a discontinuity
at a particular value of electric field, i.e., a field-induc
transition from a paranematic to a nematic phase@13#. At
higher temperatures this discontinuity is smaller, until t
system eventually reaches a critical point at fieldEc and
temperatureTc beyond which the profile ofDa vs E is con-
tinuous. If we calculate the critical point for 7CB, we fin
Ec;530 statvolt cm21 and Tc5TNI10.7 °C. This is not in-
consistent with the model results in Fig. 4. Unfortunate
small temperature gradients in the experimental apparatu
well as a distribution in the surface interaction potential~and
thus in Sso) make this discontinuity difficult to observe ex
perimentally.

To summarize, we have used a pulsed-field techniqu
examine the optical response of a planar-aligned liquid cr
tal above the nematic-isotropic phase-transition temperat
We found that the optical phase retardation exhibits
S-shaped dependence on electric field. A model based u
field-induced biaxiality and the possibility of director rota
tion was presented, and is in reasonable agreement with
experimental results. For the fields used in the experim
the model predicts that the primary response is a variatio
the magnitude of the order parameter, with no rotation of
director.
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