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Transverse surface-induced polarization at the interface between a chiral nematic
liquid crystal and a substrate
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A chiral nematic liquid crystal that is tilted by an anglewith respect to a substrate is subjected to an ac
electric field at frequencyw applied parallel to the substrate. The nematic director is found to oscillate
azimuthally about the normal to the liquid crystal—substrate interface at frequeriogicating that a nonzero
polarization perpendicular to the molecular tilt plane exists at the interface. The interfacial polarization, an-
choring strength coefficient, and bulk viscosity are obtained by measurements of the oscillation amplitude as a
function of w.
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In 1975, Meyeret al. demonstrated the existence of fer- the liquid crystal pentylcyanobiphenyl. We suggested that the
roelectricity for chiral molecules in the smectitphase, also extra baking enhances the degree of imidization of the poly-
known as the smecti€* phase[1]. Owing to the system’s Mer and that the unidirectional rubbing extends the now
C, symmetry, a spontaneous electric polarization of magniMore rigid backbone. The director adopts an equilibrium
tude P,, lies perpendicular to the tilt plane of the moleculesangle 0, that is determined by the relative interactions with

. . - the planar-promoting backbone and the homeotropic-
{ahnd patrr?llel tlo .th?. S”.“"‘C“C Ia);_ers. | Itn tshlmplel mtgl?n f'elld::)romoting side chains. Although the pretilt angle character-
eory, the polarization 1S proportional 1o the polar tit angi€jtics depend on both the polyimide treatment and the nature

6, although deviations have been observed due to highegs the liquid crystal, we have found that the chiral liquid
order couplings betweeR, and ¢ [2—6]. Nearly 12 years crystalline mixture SCE12Merck) can exhibit large values
ago, the possibility that such a polarization may exist in aof ¢,. Thus, it now becomes possible to examine the trans-
nematicphase composed of chiral molecules that are tilted averse surface-induced polarization effect in #iEsenceof a

a substrate interface was examir[@d. Owing to C, sym-  magnetic field, facilitating quantitive studies of the tempera-
metry at the interface, one would expect to find a “transversdure, polar tilt angle, and dynamical behavior. In this paper
polarization” perpendicular to the molecular tilt plane W€ report on both the quasistatic and dynamic behavior of
(analogous to that in the smect@* phasg as well as a this effect, and extract polarization, azimuthal anchoring

component of polarization normal to the interface. In orderzg?nqgtgaigeﬁ'c'em’ and viscosity information from the dy-

to exa”?‘”e_ the transverse pola_rization_, we applie_d a s_trong An indium-tin-oxide coated glass slide was etched chemi-
magnetic ﬂeldH toa homgotroplcally allgned.cell, '”‘?'“C'”g cally to leave two parallel conducting strips approximately
a bend Fredericksz transition at a threshold figgh, . Since | =3 mm apart. This facilitated application of an electric
the surface anchoring strength is finite f8&Hy,, @ polar  fie|q E=2V/#l in the plane of the cell7], whereV is the
tilt ¢; is obtained at the interface. An ac electric fi#ldat  potential difference between the electrodes. Both this slide
angular frequency» was then applied perpendicular to the and an ordinary microscope slide were cleaned and then spin
polarization vector and parallel to the interface, causing theoated with the polyimide SE1211 and baked at 200° for 1 h
director to oscillate azimuthally by an angle (at frequency  to ensure homeotropic alignment. Both slides were then
w). It was found that the oscillation amplitudg is propor-  rubbed with a cotton cloth using a rubbing machine and
tional to the applied electric field, demonstrating the exis-placed together, separated by Mylar spacers, in an antiparal-
tence of a transverse surface-induced polarization. Neverthéel configuration. This configuration of the preferred orienta-
less, because it was necessary to use a magnetic field tion directions of the two polyimide surfaces ensures that the
generate a significant nonzero polar tilt at the surface, théquid crystal molecules have the same orientation at both
polar angled(z) by necessity varied with positianthrough-  surfaces, as shown in Fig. 1, and th{t) = 6; throughout
out the bulk. This precluded proper analysis of both the tiltthe cell. The thickness at the middle of the cell was measured
angle dependence and the dynamic aspects of this effect. by an interferometry technique and found to be (3.4
Very recently, we showefB] that it is possible to treat a =0.1) um. The cell was then placed in an oven that was
particular polyimide, which under ordinary circumstancestemperature controlled t& 10 mK and filled with the chiral
promotes homeotropic alignment, so that the liquid crystamixture SCE12 in its isotropic phase. The phase sequence for
exhibits a large “pretilt” angle#; . By extended baking of SCE12 is isotropic 119°C-nematic—82°C —sme#gtie-
the polyimide SE121XNissan Chemica)sand subsequent 66°C-smectic*. On cooling into the nematic phase at
rubbing, we found tha®; may be controlled up te=45° for  temperatureT,,, the material exhibited the classic finger-
print texture of a chiral nematic. However, the pitch of the
mixture is designed to become large- 100 um) near the
* Author to whom correspondence should be addressed. Email aschematic—smectiéx phase transition temperatuiig . We
dress: cxr@po.cwru.edu found that within 14°C off 4, the pitch became sufficiently
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FIG. 1. Schematic view of cell. Incident optical polarization is
at an angle ofr/8 with respect to theg axis in thexy plane. Im- o
mediately after cell, analyzer is oriented at an angl@ with re- 0.00 010 020 030 040 050 0.60
spect to polarizer. Side view shows that the director is spatially Field E (statvolt™ cm)

uniform in the absence of an electric field. The polarizat®n

resides at the two interfaces. Application of an electric field causes FIG. 2. Amplitude of azimuthal rotatiog; vs applied fieldE for
a torque on the polarization and an azimuthal rotation of the molfour different temperature¢a) 83°C, (b) 87°C, (c) 91°C, and(d)
ecules. Front view shows the azimuthal orientation passing througB85°C.

¢=0 as the electric field oscillates with time.

throughout the cell. At higher frequencies, however, it is not

large as to unwind the helix, resulting in a surface-stabilizediniform and the fact that we have adiabatic following of the
monodomain homeotropic textuf8]. light greatly simplifies the analysis of the dynamical behav-

The beam from a 5-mW He-Ne laser, focused to a spotor. Thus, as described above, for our “electroclinic geom-
size of ~80 um midway between the electrodes, was inci- €try” we measure both 4 and |, (at frequencyw); the
dent on the sample. The beam was polarized at an angle ezimuthal orientationp; of the director at the interface is
/8 with respect to the rubbing direction in the classicalgiven by ¢;=1,./4l 4. [10]. Although ¢(z)=<¢; in the inte-
“electroclinic geometry”[10]. After being recollimated by a rior of the cell, especially at higher driving frequencies, the
second lens, the beam passed through an analyzer and intdviauguin limit for the optics ensures that the quantity
photodiode detector. The output of the detector was fed intda/4l 4c COrresponds ta; .
both a lock-in amplifier that was referenced to the driving At a given temperature an applied electric field at fre-
frequencyw of the electric field, and a dc voltmeter. These quency w=57 s (corresponding to 9 Hzwas ramped
measured the ac intensity,. at frequencyo and the dc from 0 to 0.55 statvoltscml rms at a rate of 7.6
intensityl 4., respectively. X 10 * statvoltscm *sec ! and the intensities .. and I

The electric polarization associated with the tilted chiralwere recorded. We shall see below that this frequency is
molecules at the two surfaces couples to the ac electric fieldufficiently low such that the response of the liquid crystal is
causing the director to oscillate azimuthally. The interior ofquasi-dc, wherein the azimuthal angk€z) throughout the
the liquid crystal, which has zero net polarization, is drivencell is approximately uniform and equal tp,. Measure-
elastically by the surface molecules and thereby oscillatesients were made as a function of temperature in the nematic
with the field. To understand the optics, let us consider thephase and the deduced azimuthal angle€l) vs E are
Mauguin limit[11,12-this is also known as “adiabatic fol- shown in Fig. 2 at four representative temperatures.
lowing” and is the principle behind the twisted nematic dis- In Fig. 3, we plot the slope af; vs E data and see that the
play, in which the optical polarization rotates with the direc-quantity d¢;/dE decreases with decreasing temperature.
tor twist. This limit requires 2/An(6;)<< helical pitch, This behavior is due to the fact that the polar pretilt angle
where A =633 nm is the wavelength of lightkn(6,)~(n. is temperature dependent, and goes to zero near the nematic—
—nNy) 0? is the effective optical birefringence, and the effec-smecticA phase transition temperatufBy,. (A detailed
tive helical pitch has a lower limit of-d/ ¢; [13], whereg; is  study of the behavior of;(T), which is a result of the in-
the azimuthal orientation at the interface. For extraordinaryierplay among anchoring associated wiitfo easy axes and
refractive indexn,=1.638 and ordinary index,=1.481, surface-induced smectic order, is reported elsewhb4d).
which were measured with an Abbe refractometer and aré order to determing;(T), the analyzer and polarizer were
approximately constant over the temperature range of thadjusted to make an angle of 45° with respect to the rubbing
experiment, and fog,~0.1 rad, we findAn~0.0015; thus direction. A Babinet-Soleil compensator was introduced be-
2\/An(6,)~10"' cm. Since the effective helical pitch tween the sample and the analyzer and was used to measure
>1 cm for ¢;<10 3 rad (see below, the system is in the the optical retardatior of the cell as a function of tempera-
Mauguin limit: The extraordinary and ordinary polarizationsture. We then determineg;(T) from the relationship
follow the director’s azimuthal variation through the cell and An(6;) =\ a/2md=nyn(n sm20+n ccog8) Y?—n,. De-
emerge at the rear of the ceals if the azimuthal director duced values of;(T) are shown in Fig. 4.
orientation were spatially uniform throughout the cell. In  To examine the frequency response, intensity data were
fact, in the limit =0 the azimuthal orientatiois uniform  collected atT=89°C. The electric-field-induced azimuthal
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FIG. 3. d¢;/dE vs reduced temperature. Typical error bar is  FIG. 5. dg; /dE vs frequencyw at T=89°C. Solid line corre-
shown. sponds to a least-squares three-parameter fit of the data {@)Eq.
dashed line corresponds to the predicted behavior using a different
angle ¢;=1,44l 4. was measured as a function of field at aset of three parametefsee text
given frequency, and the quantitip; /dE was extracted. In
Fig. 5, we showd¢; /dE vs frequency. length. The quantityV; corresponds to the azimuthal anchor-
To understand the results we note that the applied electritig strength coefficient and has dimensions of energy per
field couples primarily to the two interfacial regiof&5], unit area. Assuming that there is a preferred apg‘?éesz
which in turn couple elastically to the bulk. The elastic free-for azimuthal orientation—this corresponds to the rubbing
energy density is given byFo=3k(de/dz)?, where k  direction—the energy cost associated with an azimuthal ori-
=Ksinfd andK », is the usual twist elastic constant. Apply- entation ¢; that differs from ©P"®" to the lowest order is
ing the Euler-Lagrange equation and introducing a viscosit;éwi(gpi_gopfef)?l_ From the general solutiofEq. (1)], the
7, we obtain the diffusion equationde/dt=kd’¢/dZ* for  torque balance equation, and the condition of symmetry at
the director orientation in the bulk. At a frequenay the  the center of the cell, it is easy to show that the magnitude of

magnitude ofe is given by de; /dE is
o=|Re{[Aexp—Viwn/kz)+BexpViwn/kz)]e' . do, p.eiot
(1) —=|R . 3
dE e{wi— Ji wnktanh(d\/iwn/k/Z)] ®

Taking the two interfaces at=d/2 andz= —d/2, the coef-
ficients A and B are determined by the condition thé¥(z At sufficiently low driving frequencyde;/dE~P;/W, .

=0)/dz=0 and by the torque balance equation From Fig. 5 we see that the quasi-dc regime corresponds to
0=100s!, justifying our use of w=57s?! for the
—kdg;/dz+Wiei=PE 2 quasi-dc data reported in Figs. 2 and 3. On symmetry

ither interfacé. Th . is th larizati fth grounds we now make the assumption that the anchoring
f"‘tte'; er ||nt|er ace. q ehquagytyPi IS the p? arrllzann of the it strength coefficient;o 6 for small ¢; . The dependence of
Intertacial fayer and has dimensions ot charge per uni polarization on tilt angle is more problematical, where a

simple mean-field model predicts th&y<6 in the bulk

22— w

o 020 smecticC* phasd1]. Assuming the behavior of the nematic
1ol o ® ] H0.18 at the interface mimics the behavior in a sme@it-layer,
o® Jo.16 the quasi-dc limidg; /dE~P; /W; suggests that the quantity
sl . lota _ #,de; /dE should be constant as a function of emperature,
o ® Joaz & and thus as a function of; Examination of Figs. 3 and 4

* : clearly shows that this isot the case. In fact, in Fig. 6 we

Tilt angle 6, (degrees)
(2]
T

==

1010 2 plot the bulk polarizatiorPg vs @ in the smecticc* phase,

nl . + 1098 s as extracted from the manufacturer’s specificationdfprs
1008 = T and for # vs T. It is obvious that the polarization isot

ol 1004 linear in  over the range shown. Modifications to the simple
J0.02 P, 0 relationship have been proposk’)16,17 and gener-

ol a0 ally involve a coupling term proportional #3672 in the free

2 0 2z 4 6 8 10 12 1 energy. Such a term would result in a polarization of the

form Py 6/(1—a#?) in the smectic€* phase, whera is a
FIG. 4. Measured polar tilt anglé, vs reduced temperature. constant. On fitting the manufactureiP, vs 6 data in Fig.
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FIG. 6. Bulk polarizatiorP vs polar tilt angled in smecticC*
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bulk polarizationP in the smecticc* phase. Indeed, the
observed behavior may be derived from a temperature-
dependent segregation of species that comprise the SCE12
mixture at the interface, and/or coupling between the two
easy axes proposed as the mechanism that drives the director
away from homeotropic orientatidri4]. Although it is be-
yond the scope of this work, the behavior Bf vs 6; is
clearly a fertile topic for future investigation.

As an aside, we note that measuremend@f/dE and of
6; vs T were also made with the racemic version of this
mixture, SCE12R. We found that on examinidg; /dE at
comparable polar tilt angles for the two materials; /dE
for the racemic mixture was at least two orders of magnitude
smaller than for the chiral material, and generally within the
noise. This clearly demonstrates that the observed phenom-
enon is due to the chiral symmetry at the interface.

Let us now turn to the frequency-dependent results in Fig.
5. At higher frequencies]; /dE becomes small because the

phase of SCE12, extracted from manufacturer’s specifications fointerior of the cell is unable to follow, and exerts a restrain-

Po vs T and 0 vs T. Solid line represents fit to the forigoc 6/(1
—a#?) and dotted line to the forr®yx 6°, whereb=4.5+0.2.

(6) to this form, we finda~ (5.2+0.8) rad 2 (solid line). If

ing elastic force on the interfacial region. We used B].
with three free parameter®-, W,, and »—to fit the data in
Fig. 5, wherek=2x10"8 dyn was held fixed. This is a
reasonable value for the projection of the twist elastic con-

we were to apply this form for polarization to our quasi-dc stant K,, at T=89°C (~30 K into the nematic phase

data, Eq. 3 would suggest that the quantit(1
—a@iz)d(pi /dE would be independent of in the quasi-dc
limit. Again, this is not the case ak(1—a6?)d¢; /dE varies
considerably with temperature and even vanishe3 at.
Thus the formPio<0i/(1—a¢9i2) does not seem to apply at
the interface. An attempt to fit the manufacturer’s dataHgr
vs 6 (Fig. 6) in the smectic=* phase to thead hocform
Pox 6° results inb=4.5+0.2 (dotted ling. On applying this
form to the interfacial polarizatioR; , we find that the quan-
tity 6° °de;/dE [=6; >°de;/dE] is considerably more
uniform with temperaturéFig. 7), at least compared to the

where 6;~0.16 rad. The resulting fitted parameters are the
layer polarizationP;=(1.1+0.5)x 10" 8 esucm'!, the bulk
viscosity 7= (2.4+1.1)x 10 * P, and the azimuthal anchor-
ing strength coefficientw,=(1.1+0.5)x10"° ergcm 2;

the fitted curve is shown by the solid line in Fig. 5. If we
assume that the thickness of the interfacial region is approxi-
mately a molecular length~2x 10~ cm), then the effec-
tive volumetric polarization would be-0.06 esu cm?. This

is two orders of magnitude smaller than the corresponding
polarizationP, in the bulk smectic=* phase(cf. Fig. 6),
indicating that the coupling of the molecular dipoles to the

previous two scaling forms. Thus, our data indicate that thdocal environment is considerably weaker at the nematic-

surface polarizatiof®; in the nematic phase variegry rap-
idly with 6;, which seems to differ from the behavior of the

0.16 —T T T ' T T T T T T T v 1

[ BN J
012} b i
[ J

0.08 | ° -

0.04 .

(dg/dE)9*° (statvolt” cm)

O_OO I 1 n 1 n 1 I 1 n 1 I 1 L 1

FIG. 7. (d¢;/dE) 0(2'5 vs reduced temperature. Data indicate
that the interfacial polarizatioR; must vary very rapidly withg; ,
at least compared to the behavior in the bulk smeCticphase.

substrate interface as compared to a bulk smectidayer.
There are several reasons for the weaker coupling. First, the
degree of smectic order induced by the substrate is likely to
be quite weak so far abovig, [18], and this would tend to
inhibit strong intermolecular correlations associated with a
smectic layer. Moreover, the rubbed polyimide in which the
backbone is partially elongated in the plane of the substrate
[8,14] is rough on molecular length scales. Finally, the exis-
tence of two competing easy axes from the backbones and
side chains—this is the likely cause of the macroscopic
pretilt (0< §;</2) [14]—also may compete in biasing the
dipole moment. The net result is a weaker coupling of the
molecular dipoles to the local symmetry, and a reduced po-
larization P; . Turning now to the viscosity, a simple scaling
argument would suggest thgt= 7700? for small 6,. On di-
viding the viscosity by the square of the polar tilt angle, we
obtain an effective viscosityyo~0.01 P. This is an emi-
nently reasonable value, especially given the high tempera-
ture at which the measurements were performed. Last, we
turn to the fitted azimuthal anchoring strength coefficient
W, . Again we would expect thaNi=W00i2 for small 6;,
where W, corresponds to the azimuthal anchoring strength
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coefficient in the limit that,= #/2. From our fitted value of proximately the same factor in order to maintain the central
W, we find thatW,~5x10 * ergcm 2. This figure ap- part of the curve. The largest deviation from the firstditlid
pears to be rather small, although reports exist of azimuthdine) occurs only in the high-frequency regime. Thus, we feel
anchoring strength coefficient values of the order ofthat our dynamical data fits are appropriate for obtaining
102 erg cm 2 [19]; our result is not too much smaller than magnitudes oP;, W,, and», as well as demonstrating the
this. We do not have any immediate explanation for ourphenomenon of interfacial polarization. However, we do not
small value ofW,, although the suggested existence of a paithave sufficient confidence in the fits to discriminate between
of easy axegplanar and homeotropjién part may be respon- fitted parameters that may differ by factors of, e.g., 2.
sible. _ The results presented in this paper demonstrate that a chi-
For comparison purposes, the same sort of freqUeNCys nematic liquid crystal tilted at an interface exhibits a po-
dependent measurements were performed at a higher tempglyi; ation component at the interface that is perpendicular to
aure, T=95°C, wheref;~0.21 rad. As expected from the he it plane. Frequency-dependent data, moreover, facilitate
larger polar tilt angle at;[hls templerature, the fitted polariza; measurement of the magnitudes of the polarization, anchor-
tion Pj=(2.5x1.0)x 10" esucm  was enhanced by afac- ing strength coefficient, and twist viscosity. The results raise
tor of ~2 compared to thd =89°C ref,)““- Th%;\nchgr|ng a number of questions. How does the interfacial polarization
strength coefficienW;=(1.3=0.5)x 10> ergcm °, which  gcqie with polar tilt angle; , and why doesP; vs 6, appar-
should have been enhanced by more than 50%, in fact is on@nﬂy differ from the behavior in the bulk smec@* phase?
~15% larger than af —=89°C, although this discrepancy \yhy is the interfacial polarization divided by the molecular
still is within the fitting uncertainty. The viscosity=(2.7  |ength approximately two orders of magnitude smaller than
+1.1)x 10" 4 P, which might be expected to exhibit Arrhen- the bulk polarization in the smectic* phase? Why is the

ius behavior and decrease at higher temperatures, actuallt;ieq anchoring strength coefficienclvi(/aiz) apparently

. 0 H . .
was fo_und to increase by 15%. We feel that th_e Arrhenius smaller—by about one order of magnitude—than typical val-
behavior was more than compensated by the increased polgLg ot 4 planar aligned substrate? The answers to these ques-
tilt at higher temperature, resulting in an increase in ViSCOStinns to a great extent depend on the microscopic orienting

ity. I ) mechanism of the rubbed polyimide, and will be the subject
It is important to note that our data, when fitted to &), ﬁf future investigations.
y

admits other reasonable values for the parameters, especial
if data at high frequencies are given less weight. For ex- We thank Dr. Rolfe Petschek, Dr. Wen Bing, and Dr. Tat-
ample, the dotted line in Fig. 5 shows the behavior ofsutoshi Shioda for useful discussions. This work was sup-
de;/dE at T=89°C wusing the parameter;=2.3 ported by the National Science Foundation under Grant No.
x10 8 esucm?, 7=4.8x10 %P, and W;=2.3Xx10° DMR-9982020, the U.S. Department of Energy’s Office of
ergcm 2. First, notice that the rati®; /W is fixed by the Basic Energy Science under Grant No. DE-FG02-
low-frequency behavior oflg; /dE. Thus, scaling botHP; 01ER45934, and by the Donors of the Petroleum Research
andW, by the same factor leaves the low-frequency behaviofFund, administered by the American Chemical Society, un-
unchanged. Similarly, the viscosity must increase by apder Grant No. 37736-AC7.
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