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Electric field-induced acoustic-optic mode coupling in an anticlinic liquid crystal
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A dc electric field was applied perpendicular to the tilt plane of a pitch-compensgatsdound helix
anticlinic liquid crystal. By means of quasielastic light scattering, the field was found to couple the acoustic and
optic Goldstone modes, resulting in an increase of the relaxationsjnoéthe acousticlike eigenmode. Elastic
constants were estimated from the relaxation time data.

PACS numbdps): 61.30.Gd

Anticlinic liquid crystals(ALCs), which were first studied in adjacent smectic layers, the free energy of the system was
by Chandangt al.[1], exhibit a seemingly endless variety of given by F=(N L/Z)I‘é"fgfpai,dxdz HerelL is the smectic
scientifically interesting and technologically useful phenom-layer thicknessd is the cell thicknessy is the width of the
ena. In the chiral anticlinic phase, sometimes known as theell, N is the number of smectic layers, ahg;, is the free
smecticCy phase, the molecular director tilts in they  energy density for a pair of adjacent layers given by
plane by polar angled with respect to the smectic layer _
normal (the y axis); the associated azimuthal orientation in fpair=PECOSAa+AB)—PECOSAa—Ap)
layerj is ¢; . For an unwoundinfinite pitch) ALC the quan- +2U(1—cosAa).
tity Ap=[¢;,1—¢;]=7 (Fig. 1); for a chiral ALC having a _ .
finite pitch, howeverA ¢ differs from 7 typically by 1-2 %.  AB corresponds to the azimuthal fluctuations of the symme-

Additionally, there exists a polarizatid?n- of magnitudeP in try axis for a pair of molecules_m_ adjacent layefsg. 2) .
) . . ! ! A« corresponds to half the deviation from perfect anticlinic
layer j that lies perpendicular to the molecular tilt plane,

_ ) S order, i.e.,Aa=3(m—A¢), andU is the anticlinic interac-
where the azimuthal orientation & also changes bA¢  tion coefficient. Note that the dielectric anisotropy contribu-
~m from one layer to the nexFig. 1). For a finite helical  tion to f,,;,, which is proportional ta\e E?, has been omit-
pitch I3]-+1 and I5j are not quite antiparallel, and there existsted because it is small.

a nonzero polarization when averaged over several layers. In this paper we will consider both acoustic and optic
Thus, when subjected to a weak electric field, the helix conmodes that vary in space. In doing so we will introduce

tinuously distort§2]. For a pitch-compensatédnwound he- ~ €lastic constants that are independent of the type of mode,
lix) ALC, where A o=, E is parallel toB. . but antipar i.e., that are not dependent on whether the mode is acoustic
' -, j+1 -

- i ~_or optic, but rather depend only on thirection of wave
allel to P;. (Note too, that symmetry requires a polarization - . .
k g . vectorq. Itis not obvious that the elastic constants should be
parallel to both the tilt plane and smectic layers, alternatin

. . L : gmode-independent, as some mechanisms and, more specifi-
in aziumthal direction by an angke from one layer interface

. S L cally, terms in the free energy of the form cas®result in
to t_he nextin an |nf|n|te-p|tch_ ALQ:.;]' Su:_:h polarizations, different elasticities for these two modes. However, other
which go under several monikers includifiy [4] and P,

mechanisms including intralayer couplings, next-nearest-

[3,5], must always be antiparallel in adjacent layers in a : :
infinite-pitch ALC, and thus will not contribute to our free nlayer couplings, and terms in the free energy of the form

energy below and will therefore be neglecieffor suffi- O
ciently large field, Zhanget al. reported that, instead of a

continuous variation ofp; with field, a sharp Fredericksz- ¢| E=0 L *E

like transition occurs aE=Ey, [6], where the applied field PRELee e < Wity
overcomes both the elasticity and the anticlinic interactions. iﬂ / Jj 77~ - \m \ ) L\
In this Rapid Communication we explore the behavior of “3 \ % \ % L. \% ‘\ % \ %
director fluctuations below the Federicksz transition & i/ TIT7 %\ RN
<Ey), where the field tends to quench azimuthal fluctua- ot

tions in layerj+1 but destabilize the azimuthal orientation “\ \ \ e - N \ \ LA}
of layerj, resulting in a coupling of the acoustic and optic (a) Anticlinic L (b) Synclinic
Goldstone modes. Our central result is that the acousticlike x

z

mode decay time; increases with electric field, a signature
of a field-induced mixing of the optic and acoustic modes. FiG. 1. (a) Schematic representation of anticlifEmecticC})
Additionally, we are able to extract approximate elastic conphase for an infinitely long helical pitch at electric fidid=0. 6
stants associated with the distortion. corresponds to the polar tilt angle of the molecules Bncorre-

Consider the geometry shown in Figs. 1 and 2. In previ-sponds to the layer polarization. For sufficiently large electric field
ous work that considered thj@nt motion of tilted molecules E, a transition to the syncliniésmecticC*) phase(b) occurs.
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AL Expanding these equations for smallr and AB and per-
\' forming a spatial Fourier transform, we obtain

, } AB dAag/dt=»"'[~PEASG+(4U+B,qy+B.a;)Aagl,

dABg/dt= 5" [~ PEAag+(Byq;+B,q2)AB4].

Upon diagonalizing these equations we find that there are
two exponential relaxation rates given by

,,,,,—';_ -2A0, [=Ad
5 a0 Tt e U B B < 2(UTHPTEY L

FIG. 2. Figure 1a) rotated by 90°, showing an acoustic rotation ~ For an experimental geometry that selects only the acous-

B and optic rotation. tic mode atE=0, application of an electric field results in a
change of the eigenvectors with an attendant small contribu-

cos A« result in identical contributions for these, in prin- tion of opticlike fluctuations to the scattering signal. Thus,
ciple distinct, elasticities. Because very similar elasticitieseven though the slower<) acousticlike relaxation mode in
are consistent with the data presented below, we will assumig. (1) dominates the scattering signal, a small contribution
that they do not depend on whether the distortion is opticlikeo the scattering comes about Bt-0 from the fast ()
or acousticlike. We therefore introduce two such elastic conepticlike mode. This opticlike contribution to the scattering
stants,B, andB,, the elastic constants for long wavelength is proportional to the square of the mixing of the modes, that
azimuthal fluctuations that vary respectively alongytexis  is proportional toP?E?/U? for smallE. It therefore results in
(corresponding to the layer normaind those that vary along a fractional change, proportional td)Jf/PzEz)(rgl/rgl),
thez axis, which are parallel to both the smectic layers and taf the relaxation rate measured for this geometry. He;f;b
the cell normal. If the system were viewed as a nem&ic, andr,* are the relaxation rates for the fast and slow modes,
would correspond to a combination of bend and twist distoryespectively, given by Eq.(1). Thus, provided that
tions, andB, to a splaylike distortion. Note that variations U/(B,q2+B,02) is large, the change in the measured relax-
along thex axis are not considered, as the light scatteringaion rate will be dominated by the field-dependent change in
geometry is chosen to exclude these wave vectors. the relaxation rate of the acousticlike mode. Moreover, this

We will now suppose that the variablésx andAB are  jominance increases as the ratio of relaxation tifeésEg.
slowly varying and continuous, and that we can approximat§y)| increases. Thus, we are confident that our measured slow
the sum over all pairs by an appropriate integral over alkg|axation rate corresponds predominantly to acousticlike

space. We will also assume that the associated elastic Coflyctyations, and we expand the slower relaxation rate in Eq.
stants are the same for both the acoustig3] and optic (1) for small E and obtain

(A @) modes, resulting in a free energy

- B,q;+B,q; - pP2E?

-1
T . (2
F:f Hf pair+ BL(9ABII2)%+ (9A al 92)?] g 7 4nU
) 5 The term involving the anticlinic coefficied indicates that
+B,[(9ABIdy)*+ (A aldy)*]}dxdzdy this acousticlike mode, in which adjacent layers rotearly

in tandem, involves a coupling between a pure acoustic and a

chj arte intlerelsttedtri]r_] ”t‘)e r?ynamic behhzﬁvior of th?hsygst:]em. 'I'bure optic mode. Additionally, we see that the relaxation rate
order to calculate this behavior we shall assume that the only-1 _
¥ﬁ decreases, and thus the acousticlike mode becomes

_hydrodynamic mode_s that significantly _affect the dynarT‘icsslower, with increasing fieldl/As an aside, we note that for
mvcf)llv_zAa ‘F?mdAB(’j "ﬁ" \I/ve can s;flely_ |gnorvev_trr1]e ;]/elocny E>E,, the equilibrium polarizations in adjacent layers are
or fluid motion and the ﬁyer unk_u ations. With these as-, longer antiparallel to each other, resulting in a quenching
sumptions we may write the two kinetic equations of the net polarization by the field and a concomitant in-
crease in relaxation rate;l. This work will be presented

dAa(r)/dt=1v,,5F/ SAa(r)+ v,z 0F SAB(T), elsewherd7].)
R . R We shall now discuss quasielastic light scattering mea-
dAB(r)/dt=vggoF/SAB(r)+ v,z0F/SAa(r), surements of the acousticlike relaxation rafe . Cells were

prepared by spin-coating two pairs of clean indium-tin-oxide
wherew;; are kinetic coefficients. AA« andA g correspond  (ITO) coated glass slides and baking. The coated slides were
to the azimuthal angles of the anticlinic and synclinic orderthen rubbed with a cotton cloth using a dedicated rubbing
parameters, respectively, the kinetic coefficept must be  machine and then placed together, separated by a pair of
zero, at least if the anticlinic order parameter is not too largeMylar spacers with a nominal thickness of 32m. The cells
Additionally, we shall make the simplifying assumption that were cemented and filled in the isotropic phase with a binary
Vo= Vpp= 7~ %, which implies that intralayer contributions mixture of 4{1-trifluoromethylhexyloxy-carbonyphenyl
dominate in the the kinetic coefficient. Finally we shall 4-octyloxybiphenyl 4-carboxylate[(R)-TFMHPOBC] [8]
choose in such a way as to reproduce the conventionaland 4{1-methylheptyloxycarbonybhenyl  4-octyloxy-
results for the smecti€ phase for appropriatd @ andA . biphenyl-4-carboxylatd (R)-MHPOBC] [1]. The polariza-
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FIG. 3. Schematic representation of the scattering geon(redty o 3
to scalé. Shown are the refractive index ellipsoid for the ordinary § 8oor
(n,) and effective extraordinaryn@”) indices, the incident wave £ 00
vectorg;, scattered wave vectay;, and their polarization® and % 400 L 1
—, respectively. o [ ]
200 |- .
tions of these materials add constructively, but their helices . ) . ) . ) .

wind in opposite directiongd]. Previously we had found that 0 2 4 6

a 70:30 wt.% mixture of (R)-TFMHPOBC and (R)- (E“Y (statvolt cm™'y’
MHPOBC provides an extremely long pitch that easily could

be surface-stabilized in the bookshelf geomdtt9]. Each FIG. 4. Decay rater;* vs the square of electric field=®)? for
cell was then slowly cooled through the isotropic—smeatic- ys=37° (W) and ys=41° (@).

phase transition at 138 °C through the smegtiesmectic-
C, transition at 117 °C and stabilized at 111 °C in the anti-

clinic phase. The cooling rate was about 1°C per hour totering angles. Note that the scatter in the data is due to a

form a good planar ahgnment In the cell. . combination of the small signal-to-noise ratio and the brief
The cell was placed in our light scattering apparatus, de;

scribed in detail in Ref[11]. The sample was oriented so (~1 h) sampling periods fgr each valug of field, W.h'c.h was
that they-z plane corresponded to the plane of scattering, alecessary to prevent chemical degrad?tlon of the Iloqwd crys-
shown in Fig. 3, and was illuminated with light at wave- tal. For one set of measurementg=33° andys=37°, re-
length 488 nm from an Argon-ion laser whoserdinary  Sulting m_lputatlve scattering _vi/avevectors af,=7.2
polarization was along th& axis. Extraordinary polarized x10° cm™* andq,=6.5x 10° cm™*; for the second set of
scattered lightthis corresponds to a “VH” scattering geom- data, y=33° and y;=41°, and thusq,=1.4x10" cm™*
etry) was selected by an analyzer and detected by a phot@ndg,=3.0x10° cm™ . Both data sets exhibit the expected
multiplier tube, amplifier-discriminator, and Brookhaven In- linear behavior in E99? that occurs foE<E,,, and the two
struments BI-9000 digital autocorrelator. Since acousticlikditted lines are not surprisingly parallel to each other, both
fluctuations couple the component of polarization with the having slopes?/45U. The difference in the intercepts at
y andz components, and opticlike fluctuations do not involve (E9©)?=0 is due to differences in the scattering wave vec-
the x component of polarization, our geometry is sensitivetors and elastic constants. The data clearly show a decrease
only to acousticlike fluctuations. The scattering wave vectoiin relaxation rate of the acousticlike mode with increasing
was determined from the incident and scattered anglesid  electric field, indicative of coupling to optic fluctuations.
vs (external to the cel] the incident and scattered optical  Approximate elastic constants may be extracted by con-
polarlzat!ons, and thg refract_lve indices of the liquid CryStalsidering the raticR of the y intercept[ (1756+25) s ! and
[10]. Owing to unavoidable _flxed defects in the sample, the(1874i 15) s for data sets one and two, respectively
experiment was performed |n.the _heterodyne mpde. the slope ofr,* [(115+4) statvolf cm™2s™1] in Eq. (2),

A determination of the applied field was complicated by . o B 5 2\ 12 .
the very high resistance of polyimid®l) layers which, de- viZ., R_4U(BVqV+BZqZ),/P .'We have prevlously mea-
spite the high resistance of the 12m liquid crystal layer Suréd bothU arlozlP for this mixture atT=111°C, finding
(>1 MQ), dominated the resistance of the didl. Thus, P =330 esucm (C(zrsrespo'ndmg to 110 nCcrf) andU
for an applied dc voltag¥/®®, most of the voltage drop oc- = 2-1X10°" ergs cm* at this temperaturgl0]. The actual
curred across the polyimide layer, and we could not usécattering from this finite-sized system cannot, of course, be
Vv9e/d as the field across the liquid crystal layer, wheris described solely in terms of these putative scattering wave
the cell thickness. To overcome this difficulty, we examinedvectors. Specifically,d/ is approximately 1 and 2 for our
both the dc Fredericksz transition threshold voltayé® and ~ scattering wave vectors. Thus, we believe that we are actu-
the ac threshold §f [6], such that the ac measurement wasally probing several wave numbecs in our experiment,
performed at a frequency sufficiently high that chargeWith the z component of the scattering vector determined by
buildup at the interfaces was deemed not to be a problenthe boundary conditions of the cell. Our results, therefore,
Thus, for the ac case, the electric fields across the thin polyshould not be construed as giving precise values for the elas-
imide layers and the much thicker liquid crystal layer weretic constants; rather, they give reasonable first estimates.
determined by their dielectric constaritshich are similar ~ Thus, the two data sets together provide two equations in two
and their thicknesses, and therefore the ac field across thenknowns, from which we obtainB,=(0.89+0.03)
liquid crystal could be taken &*°~V2°d [6]. Thus, the dc  x10 ’ dyn andB,=(3.6+0.2)x 10"’ dyn. The error bars
field EY across the liquid crystal was taken as represent experimental data scatter, rather than the larger er-
(VavI9veerd. ror due to the range af, probed in the experiment. We note

[+
pry
o

Figure 4 showsz-/}l versus E99)?2 for two different scat-
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that for the smecti€ phase B,=Ky, sint@  operative mechanism here. The basis for the observed elastic
+Kagg Sir? 0 co 0 andB, =K sir? 0[12], and 6=24.5° at constants as well as improved methods for measuring them

this temperaturé10], whereK,;, Ky, andK 3 correspond will be the subject of future investigations.

to the splay, twist, and bend nematic elastic constants, re; To summarize, we studied the acousticlike director fluc-
. uations for electric fields below the Fe@ericksz transition
spectively. Thus, our measured value Bf would corre-

spond to a splaylike elastic constant in the nematic phase ctAareshold.. The decay rate; ™ for aCO.USt'C“ke. fluctuathns
. | 6 g bl | shows a linear dependence BA, consistent with a coupling
approximately 2¢10"" dyn, a very reasonable value. On ot acoystic and optic Goldstone fluctuations. Approximate

dividing our measured value d, by Sirf 6, we obtain  elastic constants were obtained from the measurements per-
K22 smz- 0+Kss cos 6~0.5xX10"" dyn, a value comparable formed at two different scattering angles.

to.atyp|cal twist elastic con;tant, althgugh a hit smaller than The authors are indebted to Bing Wen and X.-Y. Wang
mlght be expected foratyp!cal nematic bend elastic constany. ,seful conversations. This work was supported by
(which should be the dominant term By, because ¢89  the National Science Foundation under Grant No. DMR-
~0.83). Molecular shape-induced reductions kof; have 9982020, and by the National Science Foundation’s Ad-
been demonstrated for molecules having an inherently benanced Liquid Crystalline Optical Materials Science and
shape[13—-15, although we do not believe that this is the Technology Center under Grant No. DMR-8920147.
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