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Anticlinic coupling between layers of an antiferroelectric liquid crystal
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The anticlinic interlayer coupling coefficied was evaluated as a function of temperature for a pitch-
compensated liquid crystal by optical observation of the electric field-induced optic rdodeas found to
exhibit an unusual “S-shaped” dependence on temperature, with values ranging betwedi®0Oahd 2.2
X 10* erg cm 2 over a 10 °C temperature range below the sme&tismecticC} phase-transition temperature.
The results are in good agreement with estimatedfbased upon the threshold field for the onset of solitary
waves, and provide strong support in the low-field regime for the single Fourier component model proposed by
Li et al.[Phys. Rev. B52, R13075(1995]. [S1063-651X%99)08408-1]

PACS numbe(s): 64.70.Md, 61.30.Gd

Antiferroelectric liquid crystals, which were first observed A schematic representations of the sample cell is shown
by Chandankt al. in 1989[1], have been of great scientific in Fig. 1. Cells were constructed of two glass plates. In order
and increasingly technological importance. Experimentally itto generate an in-plane electric field, one side of one of the
is known that the layer structure of these materials in theplates was coated with electrically conducting indium-tin-
smecticC} phase has anticlinic director ordering, viz., the oxide (ITO) and etched to form an 80@m gap. To achieve
molecules in neighboring layers have the same polar tilPlanar alignment of the liquid crystal, the plates were
angle 6, with respect to the layer normal, but differ in azi- g'ﬁg%i?(ve Sp[Ir']r}%ogttjidst\rlg'zgsﬂ\:veer%olﬁgldrﬁbcbgc_izﬁﬂig?rrggi’onalIy
muthal orientatior}¢; ~ i .| by approximatelyr [2]. Here with a cotton cloth using a dedicated rubbing machine. A
nc e  perpencculr ot mlecuar o e,  van e, 12220 95 pltes_ e plate wih 10 one
sition to synclinic ordering is observed, where the aZ|mL_Jtha essd=3 um, and cemented together with the rubbing di-
angle becomes the same for all layers and there exists @ctions parallel to each other. Because the cell thickdess
nonzero polarizatioPy perpendicular to the tilt plane. This <gpp,m, the resulting electric field was nearly parallel to
switching from anticlinic to synclinic order has been ob- e substrates, especially in the midregion between the elec-
served to occur via solitary waves, where fingers of synclinigrgdes.
order invade the anticlinic regidi8]. Understanding the ori-  Because of the tight helical pitch associated with most
gin of anticlinic ordering and the anticlinic-to-synclinic tran- antiferroelectric liquid crystalline materials, it is often diffi-
sition is a topic of considerable interest, and the mechanismsult to achieve a surface-stabilized, unwound anticlinic
are still not clear. Early on, Nishiyama and Good#y sug-  phase. To circumvent this problem, we used a binary mixture
gested that steric interactions may play an important role if (R)-TFMHPOBC [4-(1-trifluoromethylhexyloxycarbonyl
anticlinic ordering. On the other hand, Takanighial. [5] phenyl 4 -octyloxybiphenyl 4-carboxylaje[7] and (R)-
have proposed a molecular pairing model wherein interactind/lHPOBC [4-(1-methylheptyloxycarbonyphenyl
dipoles orient perpendicularly to the tilt plane, giving rise to4’-octyloxybiphenyl-4-carboxylaid8]. The polarizations of
anticlinic order. Recently, Miyachét al. [6] suggested the these materials add constructively, but their helices wind in
importance of a dipole componeparallel to the tilt plane  Opposite direction$9]. We found that for temperatures just
and residing at the smectic layer boundary. The commoielow the smectid:—smectic€; (anticlinic phase-
thread that runs through these ideas is a coupling betwedfansition temperatur€sms spcax , @ 70:30 wt. % mixture of
adjacent smectic layers. To date the coupling energy onlyR)-TFMHPOBC and(R)-MHPOBC provides a very long
has been inferred from measurements of the threshold fielitch (>10 um) that easily could be surface-stabilized in the
Eq, at the anticlinic-synclinic transition. Such a determina-Pookshelf geometr{10,11]. We also note, however, that the
tion has two shortcomings: It relies on a specific model forPitch is sensitive to temperature: At lower temperatures the
the transition and it reflects the behavior of the system aPitch becomes tighter, thereby preventing surface-induced
high field and wherde;— ¢;.;| may deviate significantly unwinding of the helix. This mixture undergoes an
from . Given that the very mechanism of the anticlinic isotropic—smectiA phase transition at approximately
interaction is still in question, the purpose of this paper is tol38 °C, and a transition from the smecficto smecticCy
report on a direct perturbative evaluation of the interlayerphase at slightly above 120 °C.
coupling coefficient as a function of temperature. The cell was mounted in a temperature-controlled oven

stable to 2 mK and filled with the mixture above the
isotropic—smectiA phase-transition temperature. The

*Permanent address: Department of Electrical Engineering, Nasample was then gradually cooled into the smeCficphase.

i corresponds to the layer index. For a sufficiently large elec

gaoka University of Technology, Niigata 940-2188, Japan. Because of the long chiral pitch in this temperature region,
"Present address: Department of Physics, University of Coloradd¢he anticlinic smectic; phase was aligned in the bookshelf
Boulder, CO 803009. geometry(cf. Fig. 1).
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FIG. 1. Schematic representations of the sample cell and anti-
clinic ordering.# and ¢ correspond to the polar and azimuthal mo- 02
lecular angles. Representations of the optic mode and acoustic
mode are also shown. ITO corresponds to the indium-tin-oxide 0.0
electrodes. 0

Electric Field E (statvolt cm™)

A schematic diagram of the electro-optic setup is shown
in Fig. 2. The sample cell was placed between crossed po- FIG. 3. Representative set of dataTafm.spcax —T=7 °C for
larizers, where the angle between the two polarizers and tH@€ 2» intensity component divided by the dc intensity vs applied
z axis was 45°. Light fron a 5 mWHe-Ne laser was focused ele_ctric field. The error bar is approximately the size of the data
on an aperture of diameter50 um in front of the sample. POINt.

The laser beam passed through the sample at the midpoint )

between the two electrodes, was recollimated before passinig: _P.Esine + Ae sir? 9 E2cod o + E{cos =)

through the analyzer, and then into a photodiode. A sinu-' 0 @i 8w #iT Pir1m @i

soidal voltage at frequency=628s! (corresponding to

100 H2 was applied to the sample, and the optical signal T CO¥ @i~ @i-1)}. @

from the detector at frequencyw2was measured with a

lock-in amplifier. Note that is well below the characteristic

frequencies of the optic mode, which are typicatyl0* Hz

[12,13. The dc intensityl 4. at E=0 was also measure

Measurements were made at several temperatures on coolif ich has dimensions of energy per volume, and represents
Tk l

throggh the smectic, phasg. : a local interaction involving dipoles and possibly steric ef-

Figure 3 shows the electric field dependence of the Ualocts. To minimize the free energy, we note that for the un-
Fity IZL?(E)/I dcatT=113°C, wherd,,, is t.he_component of wouﬁd helicesp;(E=0)=0 andeg, '(E= 0)=. If we ac-
intensity atlfrequencyt_a. Up to an glectrlc field of about 4 count for symlmetry and definlél as the fiéld-induced
statvolt cmd ' ItheXh'b.'tS a (?jua_drf?;uc depelz_n(_jence I_E)mhat azimuthal deviation from the equilibrium anticlinic orienta-
correspon stot Qopt|c mode In the anticlinic ph(&'sg._ D). tion, the average free-energy density for a given layer de-
From this quadratic dependence we can deduce the mterlays([_’\ndS only ong and is given by
coupling, which will be given below. At somewhat higher
fields we found that,, tends to increase less rapidly than As sir? 6
E2, most likely due to the not-perfectly-in-plane field and  (f)=—PyEsinp+ v E2cog ¢—U cos 2p.
higher-order E?) couplings to the field. This is particularly .
noticeable near the electrodes, where there is a large comp
nent of field perpendicular to the substrate. For the region o

Here,f; is the free-energy density of thth smectic layergp;

is the azimuthal angleR is the local polarization, ande is

d the dielectric anisotropy. The coupling between layers is ex-
“.pressed in terms of the lowest Fourier coupling coefficignt

in expandingf) to ordere? and minimizing, we find

small field shown in Fig. 3, however, the deviation from PoE
quadratic behavior is not observed. o= AesiFd (2
The starting point of our analysis is the expression for the U-— $E2
free energyF =3[ f;d?x used in Refs[3] and[14]: Am
Pl L, Oven L Ana Thus, from the electro-optical measurement we can evaluate
b (\ »\ the field dependence of the azimuthal ang(&) by classic
He Ne Laser | g Photodiode optical analysig15], provided that the dominant motion un-
U der the electric field is the optic mode. We may simplify the
model by assuming that the system is uniaxial within each
smectic layer. For our geometry the optical intensity) is
/\A/ Lock-in Amplifier given by I (¢)=1,sir?(3kdAn(¢)), wherek is the wave
High-Voltage Supply vector of the lightl; is the maximum intensity, andn(¢)

is the effective birefringence, which may be shown to be
FIG. 2. Schematic diagram of the electro-optic setup. “Pol” is AN(¢) = (n§+ Se cos )2~ (n§+ Se sin’ fcos’ @)% For
the polarizer, “Ana” is the analyzet,, is the focusing lens, and, ~ this expression we have assumed thaandn, are the ex-
is the recollimation lens. traordinary and ordinary refractive indices, respectively, that



PRE 60 ANTICLINIC COUPLING BETWEEN LAYERS OF AN .. .. 1869

800 T T T T T T T T T T T T 3.0x 104—. T T T T T T r T
500 - - 25 .

20 |

IS
Q
=]

T

@

1

300 | -

10 | ® 4.

[
o
o
T
1

05 L [ .

Polarization (esucm 2)
8
T
[ J
1
Coupling Coefficient U (erg cm '3)

0 ) 1 L I s 1 n 1 L 1 L 1 110 112 114 116 118 120
9 95

0 100 105 110 115 120 Temperature ('C)
Temperature (°C)

o - FIG. 6. Temperature dependence Wfevaluated by our low
_ FIG. 4. Polarization vs temperature. Phase transition occur§eld perturbative technique®) and by threshold measurements of
slightly above 120 °C. field-induced solitary wavedl). Typical error bars are shown.

are associated with a giveftilted uniaxia) smectic layer, ratio I,,(¢)/l4, an example of which is shown in Fig. 3.
and thatée =n2—n2. Note thatl 4. corresponds td(E=¢  Note that for|Ae|<10, which is certainly the case for these
=0). The temperature-dependent physical parametematerialg3], the term proportional t&2 in the denominator
needed to evaluate these equations were obtained separatefyEq. (2) is tiny and may be neglected. Two or more sets of
by using conventional planar and/or wedged cells. Using thexperimental data were fitted at each temperature, all with
triangular wave methoffl6] we determined the polarization consistent results fdd. For example, at 113 °C we obtained
versus temperature; data are shown in Fig. 4. We also mea-valueU=(2.1+0.3)X 10* erg cm 3. Results forU versus
sured the polar tilt angl® by means of polarizing optical temperature, as obtained by this perturbative technique, are
microscopy. Using a capacitance c@dlectric field perpen- shown by the circles in Fig. 6.
dicular to the slideswith the sample in the bookshelf geom-  Before continuing, let us examine the issue of terms be-
etry, we determined the angle for optical extinction in bothyond ordere? in the free-energy expansion. Terms of order
zero electric field and in a field that was sufficiently large toe?, for example, would contribute not only to thesZom-
switch the liquid crystal to a uniform smect{e-alignment.  ponent of the intensity, but would have a significantebm-
The resulting data foé versus temperature are shown in Fig. ponent as well. Thus, in addition to theyZignal, we also
5. Finally, the refractive indices were obtained from theexamined the é and Gw signals. We found that for the ap-
wedge cell methofl17]. Measurements were made at severalplied fields used in this experiment, the &ignal was not
temperatures in the smecticphase, where it was found that measurable and thewdsignal was very small. Thus, in our
both n, and n, are very insensitive to temperature, having experiment we may conclude that the 8ignal arose prima-
valuesn,=1.61 andn,=1.48. These values were adopted rily from the ¢? terms in the free energy, with only a very
for ng andn, throughout the smecti€, phase as well. The small contribution from higher-ordégp* and beyongiterms.
coefficientU was then obtained by numerically fitting the Therefore it is physically valid that E¢2) may be based on
an expansion to ordep?.

Based on estimates of dipole-dipole interactions and omit-

sL 6 o ; ' ' ' ] ting steric and entropic effects, Wargj al. suggested an
: * o o . upper limit of U to be of order 100-500 erg c¢m for the
0k ° i case of(R)-MHPOBC [18]. This value, however, depends
i ° critically on the spacing between, and the magnitudes esti-
] mated for the dipoles. For example, they inferred the spacing
15 - o | between dipoles from the layer spacing measured by the

x-ray diffraction. However, according to the schematic ex-
planation and illustration suggested by MiyadRig. 1 in
Ref.[6]), the effective spacing that contributes to the inter-
layer coupling is apparently much smaller than that of the
5k 4 layer spacing. Furthermore, the interlayer coupling should
also include beyond-nearest-neighbor interactions in three
dimensions, rather than solely pair interactions. Therefore, it
o e o e e 1o is not surprising that our experimentally measured value for
Temperature (°C) U is nearly two orders of magnitude larger than the upper
limit estimated in Ref[18].
FIG. 5. Polar tilt angle vs temperature. The coefficientU also may be inferred by measuring the
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Polar Angle 0 (Degrees)




1870 KIMURA, KANG, AND ROSENBLATT PRE 60

threshold fieldE, for the onset of synclinic solitary waves data(Fig. 6): The techniques used to measWeare very
that invade the smecti€ phase. This technique, however, different, and probe entirely different ranges of electric field
involves a specific model for the analy4i8], large fields ande. Let us examine the consequences of this re#ilin
~250 statvoltcm® (appliedperpendicularto the molecular  fact, beyond-first-Fourier components were required in the
tilt plane), and an azimuthal angle that is changing rapidly free-energy expression in RdB] and Eq.(1) above, these
with E [3]. Using the free energy of Edl), Li et al. pre- terms would have given rise to an additional contribution to
dicted thatU = 3 PoEy, [3], and experimentally determined a the perturbative expression ferin Eq. (2). Experimentally,
value U=2.8x10ergcni® at 3.5° belowTgm.sm+ fOr  our perturbatively measured values forwould therefore
(R-TFMHPOBC [3]. Similarly, Fornier and Verweire esti- have been considerably different from those actually ob-
mated U=5.15x 10" ergcm ® for the mixture CS-4000 tained. On the other hand, higher harmonics would not have
(Chissg [19]. In order to compare the values bfdeduced altered the expression for the solitary wave threshold field,
indirectly from the solitary wave threshold field with our pyt instead would have affected only the solitary wave dy-
direct perturbative measurements fdr we meagured .the namics[3]. However the fact that the perturbatively ob-
thresholdEy, versus temperature for our material using agajned values fotJ are so similar to the values obtained from
polarizing microscope and capacitance CBILT) was ex-  the solitary wave threshold field measurements argues that
tracted fromU = 3 PoEy, (squares in Fig. B the correct free energy can be modeled quite accurately with

AZ sbeer:hln Ellvg. ? tp‘e. coupllggtk(]:oeffr;(_:g_etnts that are mf’s‘a‘bnly the leading Fourier component; higher components are
sure Y € two techniques both exnibit an unusual -, ¢ necessary. Therefore, we conclude that the solitary wave
shaped” temperature dependence. To understand th

S-shape, we note that at higher temperatlfdends to rise Rodel of Ref[3] and Eq.(1) above, which involves only the

slowly with decreasing temperature. Although the phase dial—oweSt Fourier component, is physically accurateleast up

gram for our mixture does not show a smecdi€-phase for to ?_nd sllghtly'beyondhthe threshqld f'flcﬁ‘E timated th
weight fractionsx of (R-TFHMPOBC in the range 0sx . uc Sy o500 i o' crwoen smecic layers by a tech-
<10, a similar mixture of (R-TFMHPBC [4-(1- oinicInteray ping De yers by
. / . nique involving a small field-induced perturbation of the mo-
trifluoromethylhexyloxy-carbonybhenyl 4 -octylbiphenyl . . X : . .
lecular orientation. Our value is consistent with estimates
4-carboxylaté¢ and (R)-MHPBC [4-(1-methylheptyloxycar- o o
’ . . deduced from field-induced switching thresholds at much
bonylphenyl 4 -octylbiphenyl-4-carboxylafeis found to o ) :
2 . . larger electric fields. We conclude that the interaction poten-
exhibit a narrow smectiG* region between the smectfe- . | | 2 d v | f
d smectic€} phaseg20]. Thus, our small values df at tial scales asp” even Ol-Jt to moderately large values @ .
an A ' ' T . and that the single Fourier component free-energy expression
higher temperatures may be due to an incipient sméztic-

. . : used to predict the onset of switching by means of solitar
phase that, by necessity, would requirenvaak interlayer P gby y

X ; . . waves is a physically realistic model.
coupling. In the middle temperature region both sets of mix- Py y

tures are completely in the smect@; phase with no incipi- The authors would like to thank T. Z. Qian, X. Y. Wang,
ent smecticc* phase nearby, and thus a rapid riseJofvith S. Zhang, R. G. Petschek, and P. L. Taylor for useful con-
decreasing temperature obtains. Finally, at the lowest temsersations, and Chisso Co. Ltd. for providing the liquid crys-
peratures, the polar tilt angle, polarization, etc. have satutal material. This work was supported by the National Sci-
rated, andJ therefore varies weakly with temperature. ence Foundation under Grant No. DMR-9502825 and by

Perhaps even more remarkable than the shape of the curtdonbusho, the Japanese Ministry of Education, Science,
is the apparent quantitative similarit21] of the two sets of Sports and Culture.
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