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Surface-induced molecular tilt above the smectiA—-smecticC phase transition
in a nonchiral liquid crystal
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A polyimide-coated substrate was rubbed in such a way as to possess two competing easy axes for liquid
crystal alignment. On cooling a homeotropically aligned liquid crystal through the snfegliase toward the
smectic€ phase transition, an increasing tilt of the molecules relative to the layer normal was observed. The
tilt was localized to within a smecti€- correlation length of the interface, and was found to increase mono-
tonically with the rubbing strength associated with the preparation of the polyimide surface. The results are
discussed in light of the dual easy axis mofdelShiodaet al., Phys. Rev. 57, 041706(2003 ], and suggest
that the two easy axes are not mutually orthogonal.
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The symmetry of a liquid crystal is reduced at an inter-[26]—with ample evidence supporting several different
face. In consequence, the liquid crystal generally adoptphase transition behaviof&5,27-34.
some degree of order that is associated with the lower sym- At an interface the response of the liquid crystal above
metry phase near a phase transition. In the isotropic phas#!® SmA-Sm<C phase transition may be investigated in two
for example, both dipolaf1—5] and quadrupolatnematig ~ imiting geometries.  In the “bookshelf” geometry, a
[6—13 orientational order may be induced at an interface polymer-coated substrate is rubbed unidirectionally, causing

where the associated order parameters are related to the pgn?gn?mg;ﬁgﬂont%remﬂgsir?dcéﬁtegiia;nnarl\lo; tnoera:glzni?; a;'ggé
ticular characteristics of the surface. Specifically, when P 9 j q P

polymer alignment layer is deposited on a substrate anagy the treated polymer in the St-phase for the case of a

rubbed unidirectionally, the principal axis of the induced nonchiral liquid crystal, and in consequenée-0 for T

fic t d ter i | llel to th >Tac. Forthe case of a chiral liquid crystal, however, the
nematic lensor orcer parameter fies nearly para e" o the ru,,s'ymmetry is further reduced and a nonzérobtains. This is
bing direction, and its magnitude is related to the “strength

. - h 2" the so-called “surface electroclinic effect,” for which there is
of the rubbing6-8,14. Because the anisotropic potential is 5 holar interaction between the liquid crystal and substrate

localized to the polymer—liquid crystal interface, the inducedi,at gives rise to an induced surface polarization and con-
nematic order parameter decreases monotonically with dissomitant polar tilt relative to the smectic layer normal in the
tancez from the interface over a length scale of order thegma phase[35,36. In the second limiting geometry the
nematic correlation length. An analogous phenomenon is obsyrface is treated for homeotropic alignment, wherein the
served at the nematic—smecActSm-A) phase transition. In - smectic layers lie parallel to the interface. As noted above,
this case smectic layering is induced in the nematic phase #@is geometry may be achieved with molecularly flat sur-
a molecularly flat substratel5-21, and the amplitudey|  faces, or instead by applying an appropriate surfactant or
of the SmA order parameter—this corresponds to the ampliside-chain polymer to a substrate. As no torque is imparted
tude of the periodic density wave—decreases monotonicallyy the substrated=0 throughout the Sré phase for a non-
with increasing distance from the interface over a lengthchiral material. Moreover, since the dipolar coupling be-
scale corresponding to the Sincorrelation length. For a tween the liquid crystal and the substrate does not couple to
rough surface it has been shown both theoretically and exilt, ¢ also is equal to zero for chiral molecules in the homeo-
perimentally that the amplitude of the order paraméile  tropic geometry.
at the interface is reduced from its value at a flat interface Recently we demonstrated a surface treatment that results
[20,21]. in a robust and reproducible polar tilt anglg of the nematic
The response tbulk stimuli of a liquid crystal in the Sm-  director at an interfacécorresponding t@=0), where 6,
A phase close to the smect{Sm-C) phase transition is can be as large as 4537]. In that experiment a substrate
well known[22]. Both magnetic and electric fields have beenwas spin-coated with the polyimide SE12(Nissan Chemi-
applied to the Smi phase, resulting in a torque that inducescalg, baked for a period beyond the manufacturer’s recom-
a tilt of the molecules by a polar angtewith respect to the  mendation, and rubbed. We believe that the resulting nematic
smectic layer normaJ23—25. Here # corresponds to the alignment is a consequence of two competing preferred axes
amplitude of the Sn€ order parameter. On approaching the (“easy axes”, one planar and one homeotropic. This expla-
Sm-A-Sm<C phase transition temperatufgc from above, nation was borne out in an experimgi@8] in which we
the tilt susceptibilityd¢/d+ diverges, wherer is the torque, showed that an anchoring transition occurs on heating the
which is proportional toH? or to E2. There are numerous nematic liquid crystal in a region close fbut abové the
open questions dealing with the critical exponenassoci- nematic—SmA phase transition temperatufg 5. Just above
ated with the susceptibility—is the transition mean-field, Ty the surface-induced Sw-order “stiffens” the director
XY-like, or other? and where is the Ginzburg crossoverdrientation, keeping the director perpendicular to the sub-
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strate. However, with increasing temperature the surface-

induced smectic order becomes weak, resulting in a reduc

tion in the propensity for homeotropic orientation. At a Pockels Cell

sufficiently high temperature an anchoring transition occursbstector (1 E,

in which 6, becomes nonzer88]. LN I
This ability to induce a large surface polar tilt of the di- S\

rector is expected to provide a means of inducing a nonzerc Analyzer

molecular tilt 6y at the interface at temperatures above the

Sm-C phase transition. Moreover, because the tilt suscepti- Q

bility increases on cooling towar@i,c, we expect that an

appropriately treated substrate, which provides nearly ho- Microtranslator Z'\@/'x

meotropic orientation §,~0) well aboveT ¢, can induce v

an increasing tilt at the interface on approaching.. Be- _ ) )

causeT>T,c, we also expect that(z) would decrease FIG. 1. Schemat!c representat_lon of expt_anmEgtandEo cor-

monotonically to zero into the bulk with the characteristic "6SPond to extraordinary and ordinary polarizations, Ag) and

correlation lengthé associated with Si fluctuations. The Be [0 the refractive angles for the phase fronts inside the ¢z}

purpose of this paper is to report on measurements that efprres'o.onds to the filt angle’.a@d[ggot ] o the S.mA_SmC )

amine the surface-induced polar tilt away from the horneo_correlatlon Iength. The cell is mounted on a vertical _translatlon

tropic orientation above the SW—Sm<C transition tempera- stage so that different parts of the cell, and therefore different rub-

. . bing strengths, may be sampled.
ture. Our central result is that both, and ¢ increase on "o g Y P
approachingTac from above, and that at a given reduced it the racemic liquid crystal mixture SCE12@¥ercK).
temperaturé=(T—Tac)/Tac, the tilt angle at the interface 1he gyen was cooled slowly through the isotropic—nematic
6p(t) increases with increasing rubbing strength of the poly+,ansition atT,y=118°C and through the nematic—Sm-
imide. It should be stressed that, unlike the dipolar-baseg ,nsition affy,=81°C. The oven and cell were tilted by an
surface electroclinic effedt35,3€ for a chiral SmE liquid angle of 45° about an axis perpendicular to the rubbing di-
crystal (also known as the Sri6* phasg in the bookshelf oction and in the plane of the cell, and placed on a mi-
geometry, this surface-induced tilt is essentially nonchiral in.qransiation stage to facilitate measurements at different

nature. vlaues of n;. Light from a 5 mW He-Ne laser passed

A.m.icroscope slide was cleaned and spin-coaged with th‘ﬁwrough a polarizeforiented at 45° with respect to the pro-
polyimide SE1211. The slide was prebaked at 80 °C for 30 Mg ion of the rubbing directiona focusing lens, the sample,

and then baked at 200°C for 1 h. The slide then was placeq pckels cell, an analyzer, and into a photodiode detector
in a rubbing machine in which a rotating roller covered by a(Fig. 1). The lens focused the light to a spot size of approxi-
cotton cloth passed over the slide. The slide was tilted on th?nately 100um at the sample, minimizing the effects of tem-
bed of the rubbing machine in such a way that it was rubbedhe a1ire gradients. The Pockels cell, modulated at a fre-
harder at one end than at the other, giving a gradient in th uency f=5800 Hz, served as an automatic retardation
rubbing strength across the surface of the slide. The Iocqq.ompensatomo], such that the dc voltagée applied to the
rubbing strengti, is defined as the number of fibers passingpqcyels cell was proportional to the optical retardatiom.

a position of unit width, and is given Hy9] The temperature of the oven was ramped downward from
T=Tact1.3°C in the SmA phase toT=T,:—0.5°C in

the SmC phase at a rate of 0.5°C min%, and the tem-
perature and/p, were computer recorded. Retardation data
were obtained for seven values of rubbing strength by prob-
ing different parts of the sample. ExamplesXod vs T are
shown in Figs. 2 and 3.

In order to understand the retardation data, we first need
to consider the origin of the polar tilt, and then the rela-
tionship betweerd andA«. In a previous work, our group

CExamined a rubbing-induced tilt transition in the nematic

Rubbing Polarizer

direction

ne=~(2r 8)Y°NvLyoy /s, (1)

whered is the depth of the fiber impression=4 cm is the
radius of the cylindrical rollelN=4 is the number of trans-
lations of the substrate under the rolle;=1040 cm 2 is
the fiber densitys=0.5 cms! is the translation speed of
the substrate beneath the roller 8.33 rotations per second
is the rotation frequency of the roller, ang~1 cm is the
arc length of the cloth around the roller that makes conta

with the substrate. Note thag=27r if the cloth uniformly phase above the SW-phase transitiorf38]. The surface

covers the roller, although in this experiment only a small ; ; ;
' . anchoring part~¢,; of the volumetric free energy density
part of the total arc length of the roller made contact with the as given ag ., =F.5(2), where

surface during each revolution. A second slide was cleane(XY
spin-coated with SE1211 polyimide, baked, Imat rubbed; F.=Asin6,+Bcog6,+ C sin'6,, 2)

thus, the alignment at this interface was homeotropic at all

temperatures investigated. The two slides were placed to5(z) is the Dirac delta function, and thug corresponds to
gether and separated by Mylar spacers of nominal thicknegte polar tilt angle at=0. The coefficienfA corresponds to

2 um, adjusted for optimal parallelism, and cemented. Thehe usual quadratic anchoring strength coefficient for homeo-
cell was housed in an oven that had temperature stability afopic alignmen{15,41. Rubbing of the polyimide induces
approximately 10 mK, and was filled in the isotropic phasealignment of the backbone, which we conjectured creates a
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FIG. 2. Retardation vs reduced temperature for three different FIG. 3. Retardation vs reduced temperature for three different
rubbing strengths. Fits assume tliigt= 0.5 nm. Parfa) corresponds  rubbing strengths. Fits assume th&f=2.0 nm. Part(a) corre-
to ny=3.55x10* cm™ %, (b) corresponds ta;=3.32x10* cm™ 1, sponds ton;=3.55<10" cm™!, (b) corresponds ton;=3.32

and(c) corresponds tm;=2.99x 10* cm™ 2. x10* em™1, and(c) corresponds tm;=2.99x 10* cm™1.
second easy axiffor planar alignment having anchoring Fl~A Sirfpa+ B cog g+ C sinfoc— (A sin 2p,
strengthB [38]. Because the two easy axg®meotropic and . _ )

planay compete, we needed to introduce a higher order term +Bsin 2¢g+2C sin 2pccoS ec) +O(65). (4)

in the interfacial free energy sin*6,, to establish an equi-

librium polar angled, of the director. Based upon results ~ Turning now to the bulk Sm& terms, the appropriate
from that experiment, the coefficieBtwas determined to be volumetric free energy density in bulk iBp= D sir’d
positive and may depend upon the rubbing strength. The-L(d#/d2? which may be approximated byD #?
form F, in Eqg. (2), however, is inconsistent with the results +L(d 6/dz)? for small 8. HereD corresponds to the inverse
presented herein, wherely increasesontinuouslywith de- tilt susceptibility[22] and the coefficient of the gradient term
creasing temperature and no well-defined anchoring transk=D &2. Applying the Euler-Lagrange equation g, and
tion occurs. In light of Figs. 2 and 3, it is clear that the solving the resulting differential equation with the boundary
treated polyimide exerts a torque on the director in the/Sm- condition §—0 as z—», we find 6(z) = 6pexp(—7§).
phase; nevertheless, we find that the formFgrin Eq. (2)  The second boundary condition involves torque balance
results in zero torque whe#fi,=0, and thus needs to be at z=0, viz., Dhéy+L(d6/d2),_o=(dF./d6),_o, where
modified. Unlike our previous experiment above theh is of the order of the smectic layer spacing. Substituting
nematic—SmA phase transitioi38] in which the stylus of the form for 6(z), we obtain 6y=—(dF./d6),_/
atomic force microscope was used to rub the polyimide bi{Dh+ \/ﬁ), i.e., 6y=(Asin 2p,+Bsin 2pg+2C sin 2¢p¢
directional'ly(packland forth in each successive rgb)i_rtbe % codec)/(Dh+LD). As the correlation lengtl§ becomes
cloth rubbing in this experiment was performguidlrectmn- large on approachind ac, the term (LD [=D¢]>Dh.
ally. In consequence, the volumetric anchoring free energytnerefore, in the spirit of the continuum approximation we

density may take the forrRg, (=F,8(z), where shall drop the ternDh, and thus
F.=ASir?(0y— ¢a)+ B cog(bp+ @g)+ C sirt(6y— ¢c), ~ (Asin2¢+ B sin 2pg+2C sin 2¢ccoS ¢c)
(3 8(2)= )
and where the positive angles,, ¢g, andec indicate that Xexp(—2z/¢). (5)

the easy axes may deviate from the homeotropic and planar

directions. The signs of the arguments in E3).indicate that  In principle, only theA term in F, would have been neces-
the two easy axes lie in the range<@,<w/2. Expanding sary to explain the experimental results; this would corre-
F/ for small 6,, we find spond to a tilt of the homeotropic easy axis by an angle
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TheAterm alone, however, is not sufficient to explain the tilt 1.2 x 10®
transition observed in the nematic phase above theASm-

transition[38]; all three terms are required. Interestingly, be- 1.0}
cause the coefficient of th&, term in the expansion d¥, is

odd ine,, ¢g, andec, bidirectional rubbing would result g 08 L

in an anchoring free energy proportional to a constant plus £ |

03, consistent with the fornk, used in Ref[38]. Thus, as % 06l

required by the combined results presented hemauhthose k2

in Ref. [38], the appropriate form for the anchoring energy = |

term would correspond to E@3). u!g 0.4
Let us now consider how the optical retardatim is 3 02'

related to the tilt angled. The retardatiomnA o= a— «,
where o, and «, are the extraordinary and ordinary optical
phase shifts, respectively. The phase shift of the ordinary — L L
phase front is given by,=27n,d/\ cosgB,, whered is the 708 72 716 720 72'40 728 732 736
thickness of the celln, is the ordinary refractive index3, Temperature (C)

=sin}(y/2/n,) is the ordinary angle of refraction from FIG. 4. Inverse tilt susceptibilityd6/dE) ~* vs temperature ob-
Snell's law, and\ =633 nm is the wavelength of the light tained from electroclinic experiment fehiral SCE12. Susceptibil-
(Fig. 1). Because the temperatures at which the experiment isy exponent y=1.2+0.1. Note that the transition temperature
performed are of order 50°C below the isotropic-nematicTac+ for this batch of material is shifted slightly froffic for the
transition temperaturd,y, the refractive indices may be racemate SCE1ZR.

treated as temperature independent. Using an Abbe refracto-

meter, we foundh,=1.4834 anch,=1.6476. Turning to the T—Tac| 7? z
extraordinary phase front and treating the optical dielectric ~ 6(2)=01 Tae | W T T TL 0
properties as a tilted uniaxial material, &o T )

AC

§ The factor 6,;t~ "2 corresponds to the critical behavior of
ae:f (2mn®"/\ cosB.)dz. 6) —(dF;/d6),—o/\LD in Eq.(5), where the fitting parameter
0 0, is the “bare tilt angle” and depends on the surface treat-
ment, andg, is the “bare correlation length.” From our elec-
troclinic measurements we used=1.2 and a correlation
Here the effective-dependent extraordinary refractive index length exponenv=0.6 in Eq.(7). The three fitting param-
n®ff(z) =ngyn  n2sir(B.+ )+ nZco(B.+ )] Y2, where ¢  eters wered, Toc, andd;. To avoid an excessive number of
and 3, are functions oz B, is the angle of refraction asso- fitting parameters, we chose to fix the bare coherence length
ciated with the extraordinary phase front of the light. Forusing two different values, viz§,=0.5 nm[32], which is a
calculational purposes the integral will be converted to a sunvalue associated wittXY-like behavior, andé;=2.0 nm
over thin sliceglamellag, and the retardation will be treated [25], which is associated with mean-field behavior. Note that
by a simple summation over the slices. Reflections at theur susceptibility exponeny=1.2 falls between these two
interfaces between slices, which can result in interferencémiting behaviors:y=1 andy=1.32, respectively. Because
effects and are accounted for in the Berremanddmatrix ~ our primary goal is to understand the qualitative behavior of
approacH42], are not considered due to the small variation#, as a function of rubbing strength, the specific valué of
of # through the cell. From Snell’s law, for slidewe find  turns out not to be of critical importance. To calculate the
that Be;=sin* (n'sinBy_1)/nt™), where n®li=1 and extraordinary optical phase,, initial guesses were made for
Be(i-0)= /4. the parametersl, Toc, and 6y. The cell then was divided
As is clear from Eq(5), # depends upon the critical be- into N=200 slices each of thickness=5 nm, plus the re-
havior of the susceptibility at the Sk—Sm<C phase transi- maining thicknessi—Nw, for which we assumed=0. «a,
tion. Over the years this has been a subject of some contravas calculated as a function of temperature using the discrete
versy, as evidence exists for several types of critical behaviosummation form of Eq(6), the discrete form of Eq(7), as
[25,27-34. Therefore, we performed an electroclinic experi- well as the forms forB,; and nie”. For the ordinary phase
ment [43] on the chiral version of this material, SCE12, front, «, was calculated using the initial guess fr The
where we measured the bulk vald®/dE vs temperature resulting retardation a vs T was fitted to our experimental
above the SmA—Sm-C* phase transition. From several ex- data, such as that shown in Figs. 2 and 3, by adjusting the
perimental runs we obtained an average susceptibility expgarametersl, T,c, and ;. In order to assess the quality of
nent y=1.2+0.1, consistent withy=1.20+0.05 found in the fits, experimental data fa&k« vs T at each value ofy;
the synclinic/anticlinic material TFMHPOB(23] . Atypical  were fitted over three ranges of temperature. The closest ap-
set of data is shown in Fig. 4. Based on this result we perproach toT ¢ for the short range fitting was chosen to be
formed a three parameter fit of the data using the form about 0.03 °C, for the medium range fit it was 0.075°C, and
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1.6x10° . : . : : : . : bing strength beyond this minimum . A minimum rubbing
r ] 1 strength required for the onset of tilt has been observed pre-
14l 7 viously in the nematic phad&7,44).
1ol L] d ] Although ¢g, ¢c, and especiallyp, may depend on rub-
I £,=0.5 nm ] bing strength, we believe that the major effect comes from an
10l N increase in the coefficiel® with increasingn; . This would
s - ] be consistent with our previous experiment involving bidi-
g 08 . rectional rubbing for whichp,, ¢g, andec could be taken
<" 06 r o T as zerg[38]. There is no reason to expect thHashould be
=T ] linear inn;, especially given anchoring strength vs rubbing
04l + i strength results in the literaturl3,45,46. Nevertheless,
I s - ] monotonic behavior certainly would be expected, and is ob-
02l e + = £=2.0nnm - served in our datdFig. 5). Finally, one issue that remains
[ m . . . . perplexing is the apparently small rubbin_g strength ne_eded to
0.0 2.0 3.2 3.4 3.6 38 x 10" achieve an observable effect. In our original observation of a

rubbing-induced nonzero polar tilt angle in the nematic
phase [37], a minumum rubbing strength oh;~2.5

X 10° cm™ ! was required to induce a nonzero polar angle.
The interaction of substrate and liquid crystal, of course, de-
pends on the nature of the liquid crystal as well as the sub-
strate. In other experiments we have found qualitatively that

L . SCE12R exhibits a polar tilt in the nematic phase for some-
for the long range fit it was 0.12°C. Comparing the three

o e '““what smaller anchoring strengtfé7]. Thus, the apparently
fitting ranges, all three fitting parameters showed consistenjery, small anchoring strengths needed in this experiment
behavior for a given rubbing strength. The fitted cell thick-qiq reflect the structure of the liquid crystal, or perhaps it
ness.d~4.3i 0.3 um was found to vary sllghtlly from ON€ .oyld be that the form fon, given in Eq.(1) may not accu-
rubbing strength to another, as the cell thickness variedyiely represent the response of the polyimide to the rubbing.
slightly from point-to-point in the cellNote thatd is some-  1hig'is a subject for future investigation, and in no way di-
what larger than the nominal spacer thickness due to curling,inishes our principal result that a localized tilt that in-

of the Mylar along its edge)sSoimilngy, due to temperature . oaqes with rubbing strength and that diverges on approach-
gradients in the overi 5~ 68 °C differed slightly from one ing Tac from above may be induced in a nonchiral $m-
rubbing strength to another. More importantly, was found phase.

to exhibit a strong dependence on the rubbing strength, in-

creasing monotonically with increasing . Results foro, The authors thank Dr. T. Shioda for conversations and
are shown in Fig. 5 for both choices &f. Due to the weak experimental support. This work was supported by the U.S.
signal and relatively large noise level, it is not possible toDepartment of Energy’s Office of Basic Energy Science un-
determine a “best value” for the bare correlation length.der Grant No. DE-FG02-01ER45934, by the National Sci-
Nevertheless, both sets of data show similar trends: A minience Foundation under Grant No. DMR-9982020, and by the
mum rubbing strength is required before the onset of tilt, andonors of the Petroleum Research Fund, administered by the
the susceptibility increases approximately linearly with rub-American Chemical Society under Grant No. 37736-AC7.

Rubbing Strength n, (cm™)

FIG. 5. Fitted coefficientd; vs rubbing strengtm;. Circles
correspond to fits using,=0.5 nm, and squares correspond to fits
using£,=2.0 nm.
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