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Electro-optic response of surface-induced nematic order above the nematic-isotropic
phase transition temperature
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The optical retardation of a liquid crystal above the nematic-isotropic phase transition temp&gtang
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 exBlbgHaped behavior with electric field,
and was larger nedry, than well aboveT ;. 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.
[S1063-651X99)05811-0

PACS numbd(s): 61.30.Gd

The subject of wetting at the nematic-isotrod\l) phase We recently have revisited this problem using a pulsed
transition was investigated some 20 years Eigpand since field technique, a method that obviates any heating problem
then has received considerable attention both experimentalkyhen the duty cycle is small. Our central results are that the
and theoreticallj2—6]. Above the NI transition temperature change of the phase retardatiaf=/kAndz] has an ‘S’

Twi, an appropriately prepared surface can induce nematighaped behavior with applied field, and that there is no ap-
ordering in the otherwise isotropic bulk phase, with the ori-Parent Freedericksz transition. Helces the wave vector of
entational order decreasing as one moves away from the suf1€ light andAn is the optical birefringence. These results,
face. The precise behavior of the order parameter is depetf!Nich appear to be at odds with those of Setaal, are
dent on the interaction energy between the liquid crystal an@nalyzed in terms of both a possible Freedericksz transition
the alignment layer, and depends strongly on temperatur@,nd eI_ectrlq f|e|q-|nduced biaxiality 0'.( the order par_ameter.
especially in the vicinity ofTy,. If the interaction between Indium-tin-oxide coated glass slides were spin-coated

the liquid crystal and the surface is sufficiently strong, theWlth the polyimide CU-2012Du Pony for 30 s at a rate of

o . 3000 rpm; this polyimide is known to induce only a very tin
uniaxial qrder paramet_e$(z_) integrated along _the surfa_ce pretilt gngle inpthg liquid crystal9]. The slidesywere E)Ire-y
normal diverges logarithmically on approaching the first-p o\ <4 tor 30 min at 80 °C. and then baked foh at 150 °C.
order phase-transition temperatufe]; this would corre-  he nolyimide surfaces were then rubbed using an Optron
spond to complete wetting by the nematic phase. If th§ypping machine to induce planar alignment of the liquid
surface-induced ordef‘paranematic order) is not suffi- crystal. Two rubbed glass slides were separated hyn6
ciently large, only partial wetting occurs. These behaviorsvylar spacers and cemented together. The cell was filled at a
may be seen experimentally using optical ellipsometry techtemperature abov&y,=42.0 °C with the liquid crystal hep-
niques[1,3-9§. tylcyanobipheny(7CB), obtained from Merck. When cooled

In this paper we report on an experiment that probes thénto the nematic phase, the cell showed clean planar align-
influence of an applied electric field on the surface-inducednent. The NI coexistence region was found to be approxi-
nematic order abov@y,. Although previous work is rela- mately 20 mK, and the temperature differential across a 1
tively sparse, there nevertheless have been a few experimemm diameter spot on the cell was also about 20 mK. Thus,
tal results that have examined this issue. For example, Blithe laser beam sampled both bulk nematic and paranematic
nov, Kabayenkov, and Sonin used the saturation of thghases simultaneously over-al0 mK region neaily,. This
director response to an applied field to determine the surfagglaces a lower limit on the experimentally accessible tem-
anchoring energy in the nematic and isotropic phd3@s perature region near the bulk phase transition temperature.
Not surprisingly, they found a much smaller value of anchor-  As the experiment was performed in the vicinity T , it
ing energy in the isotropic phase than in the nematic phasevas essential that we avoid field-induced temperature
Seoet al. examined the response of the planar-aligned direcehanges in the liquid crystal. Thus, we chose to use a pulsed
tor (i.e., aligned parallel to the substrate an electric field field with alternating positive and negative pul§é$]. The
applied perpendicularly to the substrd@]; the dielectric  temporal width of the pulse was 1 ms and the interval be-
anisotropyAe of their liquid crystal wasAe>0. Although  tween pulses was 1s. This very long duty cycle was sufficient
they interpreted their electro-optic response as a Freedericksa avoid field-induced heating of the liquid crystal. More-
transition, their optical phase retardation seems to be mucbver, alternation of the pulse polarity prevented ion wall
too large to be associated with surface-induced nematic obuildup in the cell. The cell was inserted into an oven that
der. It may have been that their signal was due in part tavas temperature controlled to 2 mK, and temperature
heating effects from the applied ac field, although this is onlychanges were made by ramping the temperature at a rate of
conjecture on our part. 30 mKmin L.
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To determine the optical phase retardation that arises fron: [~ : v
the nematic layer, we used a Pockels cell modulated at ap% A"»-. i
proximately 100 kHz in 'conjunction .with a phase sensitive E e et me
detection scheme. Details are described elsewigre The e : "“ 7
Pockels cell was enclosed in its own temperature-controllec b i A I
oven in order to minimize the drift of the offset signal with ) . ) ,
time. The liquid crystal was subjected to the applied voltage, 0 2 4 6
and the time-dependent output from the lock-in amplifier Time (ms)

(proportional to the optical retardatipwas input to a digital
Storage Oscinoscope_ For each value of pu|se he|ght' i_e_, FIG. 2. Response of the cell to the electric field vs time. Data
electric field, the oscilloscope collected data for 500 pulsesfom two representative temperatures are shova. T=Ty
resulting in a crisp, average optical profile of the optical 1.8 °C, andb) T=Ty,+0.24°C. In each panel, from top to bot-
retardation vs time. Pulse heights ranged from zero to 1208m the applied field=270, 600, 930, and 1200 statv cfa The
statvoltcnil. Data were first collected at the highest tem_vertlcal t_)ar in each panel corresponds to a retardation of 0.01 rad
perature, and data from about a dozen values of pulse ampfr data in that panel.
tudes were recorded. The temperature was then lowered, and
data were again taken at a dozen different values of electrigests that this response involves some non-Ohmic discharge
field. This sequence continued until the transition temperaef the cell or some other nonlinear response of the cell to the
ture was reached. applied field. We will not discuss this response further in this
Figure 1 shows an example of the phase retardaties  paper, but rather concentrate only on the primaegtangu-
temperature for zero electric field. The existence and temkar) response to the applied pulse.
perature variation ofr come about from the surface-induced Figure 3 shows thehangeof phase retardatiodha vs
order of the liquid crystal, such thatincreases as the tran- applied electric field at five different temperatur@st
sition temperature is approached from abdd¢ For this [=T—Ty,] relative to the bulk phase transition temperature
case it appears that wetting is only partial at the transitioTy,. A« is defined as the difference between the baseline
[12]. The data in Fig. 1 serve as the baseline for the fieldretardation(Fig. 2) in zero field and the depth of the trough
dependent measurements, i.e., on application of an electrin the presence of a field. Notice that the respakae/s E is
field the phase retardation decreases from that shown in Figelatively small for weak fields, then shows a sharp rise at
1, and at a given temperature it is the changerof fieldE ~ medium-level fields, and again flattens out at larger fields—
that is important in the analysis. this is the S shape referred to above. At lower temperatures,
Figure 2 shows the raw data of the electric-field responseloser toTy, the steep slope regime occurs at a lower field
averaged by the digital storage oscilloscope. Two differenthan it does at higher temperatures. Additionally, no discon-
representative temperatures are sho@nT=Ty+1.8°C tinuity is observed in the slope, i.eA« is nonzero for all
and(b) T=Ty,+0.24 °C. Over the range of our experimen- nonzeroE. This result is inconsistent with the entire change
tal parameters we have verified that the main response to the retardation being due to a Freedericksz transition, unless
electric field (after an initial relaxation time that is short the threshold fieldE,, were identically zero. However, super-
compared to the pulse duratjodepends only on the ampli- ficially it may be consistent with a slow change in the bire-
tude of the pulse. We note, however, that there is often dingence followed by a Freedericksz transition starting at
secondary response following the main response to the pulsthe knee in the retardation curve. However, we find that the
as seen in Fig. ®). The amplitude, duration, and shape of location of this knee corresponds to a bulk effect: The field-
this secondary response depend in complicated ways on tlieduced isotropi¢paranematigto-nematic transition is close
amplitude and duration of the applied electric field. This sug-+o this field[13]. Another feature of the data is that the flat-
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— T - r T T T T is the temperatureT* is the supercooling limit of the
0.024 |- " . isotropic phase, anW is the surface interaction parameter
. u ] tensor.
u , . o In principle, it would be possible to minimize this free
0.018 - AT=°-1\4:C aT=0.24 C= o © 1 energy for a general tensor order paramefer However,
= n o A A simple arguments suggested that there would be a Freeder-
8 g A A icksz transition. In order to account theoretically for this pos-
: 0.012 |- o A . sibility we must consider a tensor order parameter with three
< AT=038°C ¢ ¢ /' ] independent components and solve three coupled, nonlinear
u A v AT=1.0°C differential equations. To make the calculation tractable, we
0.006 - ® T divided the order parameter into two components: One is the
] " e A A v v AT=1-8°$" * surface-induced order parametdp and the other is the
A v « ¢ .* . . ' electric-field-induced order parametéﬁé). We assume that
0000, 200 400 600 800 1000 1200 Qg and Q, are both uniaxial, any biaxiality comes from
Electric Field (statvolt cm™) : combining these two tensors, and the principle eigenvector

. . o of Q¢ is parallel to the fieldthat is to the surface normal
FIG. 3. Phase retardation chane vs applied electric field at ¢ allow for the possibility of a Freedericksz transition, we

?:? c:;fgrirg f&mffrs\fﬁ;?s;:fflf;-)' 0-24(®), 0.38(4), 1.0 assume that the director f@, can rotate in the plane con-
’ ' ’ Nt taining the rubbing direction and the electric field. With

tening at high fields occurs at larger valuesAaf for lower these assumptions we can define the order parameter tensors

temperatures than it does at higher temperatures. This is nBy
unexpected, as both the surface-induced order and the sus-

ceptibility are larger at lower temperatures. However, we are Q=Qe*Qs,
not certain that the high-field response is actually saturating,
it may continue to increase with decreasing slop& aon- -1/2 0 O
tinue; to grow. _ Oe=Se| O -1/2 0],
Given these results, we now examine a model for the
observed behavior. Prior to doing so we estimate the ex- 0 0 1
pected Freedericksz threshold field stren&ih. Unlike a
typical bulk nematic, this system has an order parameter that 1 0 0
changes rapidly in space. In particular, the bulk region in the 6s= Ssﬁ 0 -1/2 0 |R", (1)
center of the cell has at most a tiny order parameter that does 0 0 _1

not contribute to the threshold. Thus, we can assume that the
length scale of the ordered region is of order a nematic co- h
herence lengthl(/3a)¥2 wherea is the coefficient of the v c'©
guadratic term andL is an elastic constant associated with
spatial variations of the order parameter in the Landau- .
DeGennes free enerdyl4]. Using this value for the thick- R= 0 1 0
nessd in the Freedericksz threshold field equatidy, —sind 0 cosh
=m(K/Ae)Y?d, whereK is an elastic constant antls is
the dielectric anisotropy, we finl;,~ 1000 statvoltcm* for  gng
typical values of these parameters. As this is within the range
of our experiment, we allow in our theoretical model for 1 0 0
such a transition. -

First, we assume that the direction normal to the align- W=w| 0 —1/2 0
ment surface corresponds to thaxis and the rubbing direc- 0 0 -1/2
tion to thex axis. We begin with the usual Landau-DeGennes
[14] free energy, including the electric field and surfaceHere d corresponds to the rotation angle of the director in the
terms: x-z plane,R is a rotation tensorSg and S, are scalar order

parameters, and is the strength of surface interaction.

cosfd 0O sind

1 <, 1 = Lo 1o The free ener then be written &=Fg+F
— - 2, T o T T2 R34 — R4 gy may then be written e+Fs
F f dz 2 L(9Q)"™+ 2a(T ™0 3Q * 4Q +Fgs, WhereFgg is a cross term that couples the surface-
1 induced and field-induced order parameters, such that
- %ASOE'Q'E +W-Q(z=0).

1 < 5 1 g2 Lo=e 1oy
EL(ﬁQE) +-a(T-T )QE_ngE"‘ZCQE

FE:f dZ 2

Here a, b, andc are the Landau-DeGennes coefficients for

the free energy associated with the tensor order parameter 1 - - o
=< . . . . . __ASOE'QE'E +W'QE,
Q, Ag, is the dielectric anisotropy for complete alignment, 8
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Fs_f L((?Q) +5 a(T T*)Qs__st+ CQS

+W-Q,,

ES:f dZ

1 e B
—5ASOEZ)+(—bQiQE+§CQ§QE+CQ§QE”-

L(6QE)(9Qs) + Q¢ a(T—T*)Qe—bQ2+cQ?

Additionally we assume that the surface-induced order

parameter is small and does not affect the solutionﬁgr
On substituting the form fo@¢ in Eq. (1) into Fg, we find
1 (d&

Fe= f [EL(E

2

1
+Ge(Se) |+ WSk,

where
1 1 1 1
— _T* 2_ = - _ 2
Ge(Se)= 7a(T-T*)S¢ 3b§E+4cs§ g MeoE%Se.

On minimizing Fg we obtain the differential equation and
boundary condition:

d 6
(d—SZE) - \[E[GE<SE)—GE<sEb>]”2

w /6
[GE(SEO)—GE(SEb)]1’2=§ \[E

)

and

Sgp, Is the electric-field-induced bulk order parameter along

the electric-field direction an8, is the order parameter at
the surface along the same direction. Moreover, in(Egwe
note that

1
Ge(Se) ~ Ge(Sep) = (Sep=Se)| = 7T T*)(Se+ Sev)

1 < 2
+ §b(SE+ SeSent Sgp)
1l .
- ZC(SE+SEb)(SE+ Seb)
+ %ASOEZ] .

Near the boundary, the leading facty,— Sg varies rapidly

in space, although the remaining factor does not. In conse-

guence we can tak8-~ Sg, and the factor in braces may

be defined as,, from which we obtain an approximate so-

lution Sg(2):
6f
Se(2)=Sgp— ((SE,D Seo)t 2——\/Tz), 0<z<z,
Se(2)=Sgp, 2>17y,
where
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L
2,=2 G_fo (Seb—Seo) 2,

We now calculate the behavior of the surface-induced or-
der parameter by minimizing+ Fg:
Fst+Fes=Fsurt Fpukt Fcouplingv
1
Four= WSS( Sir? 6— )
L(dS\* 1 _,(d6
Fbmk—f dz = ( dz) —LS e
1 .
F coupling= f dz — EbiSE(S sirf 6—1)

+ zcsésé(sin2 6+1)+ %csgsE(s sirf 0—1)},

+G(Ss)},

where

1 1 1
G(Sy=5a(T-T*)S{— 2bS+ S s,

Using this free energy we obtain a pair of second-order dif-
ferential equations from which we can extra8i(z) and
6(z). Note that the electric field appears indirectly as a con-

sequence of the coupling betweét and (35. On making
the substitutiorz’ = (3a/L) Y%, the differential equations for
the bulk become dimensionless:

d?Ss,

a(T—T*) F

dG(Ss)>

de\?
ZSa(T_T*)SS<H> +( dSs

—b(3 sirf —1)SSe

3
+5¢(3 sirf 09— 1)S2Se

+ gc(sinz 0+1)S.S,

2
a(T— T*)ssOI 6+2a(T ) 35 49
dz'2 dz dz’

b c C_. L.
_ESSSE+ §SSSE+ ZSSSE sin(26).

The boundary conditions are given by

de w

= sin(26(0)),
a7, T e
ds 3w
— = sirf0(0)— |,
dz'|,,_, 2\3a(T-T*)L (073

where S, is the scalar order paramet8g at the interface.
With these equations we may obta8y(z) and 6(z) for a
given electric field and temperature.

In our experiment the change of optical phase is
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Aa=—Ano<f S{(z,E=0)dz
A 0 °
) 03 |- Sso o o hd .
—f S{(z,E)cod 0(z)dz), 3 TR e o®’ A
: : C s
g 02} n A 1
where An, is refractive index anisotropy assuming fully & m A
saturated orientational order ands the wavelength of light. 8 o1 L . 1
We have approximated the anisotropy of refractive index as® " . .
being proportional to the order parameter. S s P -
Because we know neither the actual surface order param@ oo ‘®© © * A J
eter nor the interaction energy, we attempted to achieve & A
match between the measured sighat and the calculated - Seo A A A
result by choosing a reasonable surface order pararBgier _0.1“ 4 4 . L L . L .
at a given temperature. With that value $f, we were able 0 200 400 600 800 1000
to determine the interaction energy coefficianthat induces Electric Field (statvoltem™)

this value Sy, by matching the calculated result with the o .
boundary conditions—the surface-induced order parameter FIG. 4. Calculated order parameters vs electric fisid.(W) is
asymptotically goes to zero in the bulk—at that temperaturéhe _surface-lndu_ced surface_ order parameter along the rubbing di-
when there is no electric field. With this now temperature-"ection. Sep (@) is the field-induced order parameter in the bulk,
independent parameterin hand, we then calculate@l,and 219 Seo (A) is the field-induced order parameter at the surface
Aa as functions of temperaturé-or these calculations we along the eolectrlc-fleld d'rECtBn' Values are obtained using
used the following material parameterae,=17.5; L =T +0.38°C,w=0.63ergcm”, E=0, andS;,=0.28.

=2.05<10 °dyn; An,=0.4; a=2.1x10°ergcm ®K; b s a state that involves a 90° rotation of the order parameter,
=3.3x10"ergecm 3, ¢=8.1x10"ergem%; Ty =42.0°C;  which at some other field has a lower free energy than the
andT*=40.6 °C[15]. As Ag, andL are the dielectric an- state with no rotation, andi) at some field there is a state
isotropy and elastic constant for fully saturated order, wethat has a small rotation. The first of these cases would result
could calculate these quantities as functions of the order pan a first-order Freedericksz transition, the second would be a
rameter{16,17] by assuming that the dielectric anisotropy is second-order Freedericksz transition. We found that there is
proportional to the order parameter and elastic constant igsually a nearly equal free-energy state that has a 90° rota-
proportional to the square of order parameter. From the detion of the directorso that the surface induced order param-
pendence of these quantities on the order parameter, Waer is, far from the surface, parallel to the electric field di-
could then retrievéd e, andL at S=1, as required. Note that rection rather than along the rubbing directioHowever, it
for L we chose to use the average of the splay and benig very difficult to satisfy the boundary conditions precisely
elastic constanti ;; andKss. with this solution, or at least there are always small humeri-
For these calculations we began with an interaction eneal errors. Additionally, this 90° rotation of the director oc-
ergy coefficientw=0.63 ergcm? and the surface order pa- curs when the surface-induced order is very small. This is
rameter S;,=0.28 at T—Ty,=0.38°C. This value forw  why the free energy is always very close to the free energy of
would correspond to an anchoring energy coefficiei®1l  the undistorted state. Hence, we believe that this state is an
ergcm %, a value a bit larger than typical experimental re- artifact of our calculation method, rather than an actual new
sults[7,18]. Although Blinovet al. noted that the anchoring state: It would be extraordinary if there were two actual
energy should be reduced to about one-tenth its nematistates that had such similar free energies over a range of
phase value in the isotropic phase, there is no reason in ogonditions. The predicted birefringence of this state is, in any
model for this to occur, and our value faris quite reason- case, very similar to the predicted birefringence of the
able. =0 state, so that distinguishing them experimentally would
In Fig. 4 we plot the behavior of the surface-induced scabe difficult. Thus, we believe that there is no Freedericksz
lar order parameter at the surfac8{), the field-induced transition.
scalar order parameter in the bullsg,), and the field- Let us return to the case of zero pretilt angle. In Fig. 5 we
induced scalar order parameter at the surfégg)( calcu-  show the calculated retardatidqw as a function of electric
lated as a function of the electric field assuming that the tilfield for three different temperatures. Semiquantitatively
angledis always zero. Note th&c, has a negative value for these results are similar to the experimental results in Fig. 2,
small electric fields and becomes positive at high fields. Thiviz, a nonzero retardation change even at small electric
is because of the coupling between the interaction tensor dfelds, a rapid increase @« with field in the neighborhood
the surface and the field-induced order parameters, thus ref several hundred statvolt ¢y and a leveling out at higher
sulting in a small amount of biaxiality at the surface. On thefields. Moreover, the maximum response at temperatures
other handSgy, is a bulk response to the electric field, and iscloser to Ty, is larger for both the experiment and model
not significantly affected by the ord&;, at the surface. calculation, and the curves tend to be less sharp at higher
We also assessed the possibility of a Freedericksz transiemperatures. Despite these clear areas of agreement, differ-
tion by calculating the behavior when there is a small pretilt.ences between experiment and the model may be found in
One of two possibilities was expectgd: at some field there the details. For example, the experimental result displays a
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0.024 —

T term in the free energy, Moses and Shen were able to explain
their observed dewetting phenomena at the NI phase transi-
e ® OAT=024 tion. In this light, let us apply this additional surface term

0018 | 1 W,- Q2. Note that the two surface terms have the same sym-
metry, but different coefficients. Since this procedure intro-
duces another parameter, we adjust the magnitudes of the
0.012 | A i two surface terms so that the difference of coefficients for the
sir? ¢ term is comparable to a reasonable anchoring energy.

. AT =100 Even with this additiona‘_/*\*lz-(éj2 term, we still find no rota-
vy v v tional response of the director to the electric fleld,_although
& vv' the agreement between the model and the experimental re-
. vY ] sults is improved. Thus, the addition of a surface term pro-
0.000 k_m 3 A portional to the square of the order parameter improves the
0 200 400 600 800 1000 1200 fit, but does not substantially change the physics of the prob-
Electric Field (statvolt cm™) lem. _ _ _
If we examine the equations governing the system, there
FIG. 5. Calculated phase retardation changevs electric field  is no direct interaction between the surface induced director

a; thr:e _differlen: ten;per_atur?STZO-M(.)y 9-3?:(});1&”0' 1.0°C  (Q,) and the electric field, but rather an indirect interaction
(V). Aa'is calculated using the parameters in Fig. 4. through the field-induced directog). Although bothQ,

more gradual increase dfa with E than does the model and _(35 are uniaxial, their interaction results in an overall
calculation, and the magnitudes of the experimental retardg2iaxial order parameter. With mcLeasmg electric field, both
tion are less strongly temperature dependent than the modéle magnitude and spatial range @f decrease as the mag-
calculations. For example, although values & at AT nitude of Qg increases. In consequence the measured signal
=0.38°C are _similar for both experiment and model, thejg closely related to théindirect response 055- In the
model calculations aAT=0.24 and 1.00°C are larger and (egjon of small electric field, the response of the director is
smaller, respectively, than corresponding experimental Va'Kerr-Iike, asAa changes linearly wittE? [15]. Close to the

ues. . ) . bulk transition temperatur&y,, Sg exhibits a discontinuity
In order to understand this behavior, we need to considet; 5 particular value of electric field, i.e., a field-induced

several sources of error and uncertainty. We note from Ret,4nsition from a paranematic to a nematic phfkgl. At
[13] that the uncertainty iy —T* is ?bOUt 0.3°C. If we  phigher temperatures this discontinuity is smaller, until the
were to changely —T" by only 0.2°C, we would find ~ system eventually reaches a critical point at figld and
markedly better or worse fits to the experimental results, defemperature‘l'c beyond which the profile oAe vs E is con-
pending upon the particular temperature being fitted. Simitinyous. If we calculate the critical point for 7CB, we find
larly, the uncertainty in our choice fdr would have a like E.~530statvoltcm® and T,=Ty,+0.7 °C. This is not in-
effect. We also need to consider the effects afistribution  gnsistent with the model results in Fig. 4. Unfortunately,

of surface interaction energies. Because of the nature of thg 5| temperature gradients in the experimental apparatus as
rubbing process, it is entirely possible that over very smallyg|| 55 g distribution in the surface interaction potertiaid

length scales of order a nematic correlation length the interg, o inS,) make this discontinuity difficult to observe ex-
action coefficientw may vary by as much as 40942]: A perimentally.

spatial distribution ofw will affect S, directly, and through To summarize, we have used a pulsed-field technique to

the higher-order terms in the free energy, will aff€gtas  gxamine the optical response of a planar-aligned liquid crys-
well. The overall result would be to introduce some roundingis| ahove the nematic-isotropic phase-transition temperature.
of the experimental data, as observed. We also need t0 COye found that the optical phase retardation exhibits an
sider the possibility of a small pretilt angle. F_or this caseg.shaped dependence on electric field. A model based upon
there would be a small nonzero torque on the director, whickig|-induced biaxiality and the possibility of director rota-
also would tend to introduce rounding into the experimentalion was presented, and is in reasonable agreement with the

results. We believe that this effect is at most a small Conm'experimental results. For the fields used in the experiment
bution to the measured signal. Finally, we are able t0 show,e model predicts that the primary response is a variation of

on symmetry grounds that neither order electrigt,20  the magnitude of the order parameter, with no rotation of the
nor flexoelectricity{21] affect our system. director.

An additional issue involves the form we have chosen for
the surface interaction term. In our model we assume that the We wish to thank Yuriy Reznikov, Munehiro Kimura,
interaction between the liquid crystal and the alignment layeDaeseung Kang, T. Z. Qian, and M. C. Y. Huang for useful
is proportional to the surface order parameter, and thus theiscussions. This work was supported by the National Sci-
anchoring energy is proportional to the order parameter. Exence Foundation’s Advanced Liquid Crystalline Optical Ma-
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