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Observation of the soft mode in the SmE, phase

V. Bourny, A. Fajar, and H. Orihara
Department of Applied Physics, School of Engineering, Nagoya University, Furo-cho, Nagoya 464-8603, Japan
(Received 11 April 2000

We have performed the electro-optical measurements in an antiferroelectric liquid crystal
4-(1-methylheptyloxycarbonybhenyl 4-octylcarbonyloxybiphenyl-4-carboxylat@HPOCBQO and observed
the soft mode in the chiral SI@% phase . This is a direct consequence that theC3nphase is induced by the
condensation of a tilting mode. A Landau-type theory was developed to analyze frequency dispersions in the
second-order response and it was found that theASI8m-C* phase transition is close to a tricritical point.

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

Recently, the structure of the SB8f phase has been In electro-optical measurements of a homogeneous cell
clarified by means of resonant x-ray scattering by Machbetween crossed polarizers, where thexis is set to be
et al.[1]. The SmC* phase was found to be an incommen-along the layer normal and theaxis along the electric field
surate, short-period ferroelectriclike structure. Therefore, th&lirection, the change of transmitted light intensiky, due to
SmC* phase is considered to be formed by the soft modé&" electric field is expressed Es9]
g e e ST =2 6 S 0 T
scenario of the phase transition. However, the soft mode in + Bsir 2 Sin(28n,40) AN, (1)
the SmA phase cannot be observed by means of usual mea-
surements. In the Si@8% phase, on the other hand, the soft\yhere B=mdIX, 1, is the incident light intensityd the

mode is expected to be observable with suitable measur&ample thickness, the wavelength of lighta, andn,, are
ments because of the symmetry breaking. In fact, in the anthe angle of the optical axis with respect to one of the polar-
tiferroelectric phas¢Sm-C}) several modes such as ampli- izer directions and the anisotropy of refractive index in the
tude and phase modes were observed by the photomibsence of the field, respectively, ahd andAn, are elec-
correlation [2], electro-optic[3], and nonlinear dielectric trically induced parts. SincA« andAn, are proportional to
spectroscopief4] due to a doubling of a unit cell. In actual the field and the square of it, respectively, the first one can be
measurements, it is important whether the relaxation fredetected in the first-order electro-optic response and the two
quency is within the observable frequency region or not. Forothers in the second-order one. By utilizing the fact that each
tunately, unusually large pretransitional fluctuations haveerm in Eq.(1) has differentry dependence, we can suppress
been observed near the phase transition point between tiige A o? term by settingy, at 22.5° to measure only then,
Sm-A and SmE}, phases by the high-resolution heat capac+term in the second-order response. The tems An,, and

ity measuremer{ts] and by the high-resolution birefringence n,, are calculated from the dielectric tensor, the components
measuremenf6], indicating that the critical slowing down of which are[9]

definitely takes place and the relaxation frequency may be
small enough to be observable near the transition point. s :8L+8a<§2>1

Quite recently, we have reported the Kerr effect due to the i X
Sm-A-Sm-C?, phase transition in MHPOBC7]. The same 2 2
behavior was observed also in the C8 tdl@h Generally, in ez~ ¢~ 8a(E) (&),
the SmA phase, the application of an electric field brings
about the spatially uniform tilt of molecules due to the elec-Whereg;, &, , ande, are, respectively, the dielectric con-
troclinic effect, resulting only in the rotation of indicatrix, Stants parallel and perpendicular to the molecule and the di-
i.e., the Pockels effect. In the previous paper, however, &lectric anisotropy,—e, for the visible light,§, and¢, are
simple theory under a dc field was presented to explain théhe order parameters, agd- -) indicates the spatial average.
Kerr effect[7], though the actual electro-optical measure-The above averages are calculated on the basis of the
ment was made under ac electric fields. In MHPOBC wel-andau-Khalatnikov equation as follows.
have found a characteristic frequency dispersion in the Here, we consider only the spatially homogeneous mode
second-order respon§e], but the analysis of it was not ad- (the ferroelectric modeand the soft mode inducing the Sm-
equately made because we had no theoretically derived fofs}, phase, which are enough for our purpose. We express the
mula for it. spatially dependent order parameteggjd) and &,(jd),

In this Rapid Communication, we report an observation ofwherej is the layer number and the layer spacing, by these
the soft mode in the Si8* phase. First, we develop a phe- modes: &,(jd) =&+ &, cosqjd—&;sinqggd, &,(jd)=4§;y,
nomenological theory and then obtain the temperature de+ &1 Sinqgjd+¢,cosqcjd, whereq, is the wave number re-
pendence of the relaxation frequency from experimental related to the SmA—Sm-C;;, phase transition, andé{,£sy)
sults by utilizing the theory. and (¢;,&,) are, respectively, the ferroelectric and soft

Eyz— 8a< §x>,
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modes. Under an electric field along theaxis the free en- Xf(w)z(a+)\§§+iwy)‘1,
ergy can be expanded in the Siphase , ®)
Xs(@)=(a+3B&+iwy) ™,
N
f= %(§§+ &)+ §(§f+ £3)%+ §(§f+ )& wherey;(w) andys(w) are, respectively, the susceptibilities

of the ferroelectric mode and the soft mode. From @gwe
/ finally get[9]

€ a
= (G BEI—cbnExt 5 £, (3) . L
Ana=——a<—+ —)5 Ag
2 S
where we have droppegt, because it is not induced by the ‘/8—” \/;
electric field along thex axis, ande/, is the dielectric anisot- 3e. [ 1 1
ropy at low frequencies. The term represents the nonlinear + Ta —_—t = gﬁg?x, Aa=¢€éix. (9
coupling between the ferroelectric and soft modes. The co- \/S—II \/;

efficient o is assumed to be linearly dep_e'ndent on the €My should be noted that the Kerr effect is induced not only by
perature and becomes zero at the transition point. From thlqe]e soft mode but also by the ferroelectric mode.
equilibrium con'ditions under no field in the SBf: phase we The studied liquid crystal was MHPOCBC and its phase
have one solution§y = £s=V—alB, £,=0, £, =61y=0.1In  sequence as follows [10 K-Smd%—SmCk—Sm-
the SmE?* phase¢; and ¢, may be changed by the applied C* —SmA—I.

field through the nonlinear coupling and the dielectric anisot- “m the previous experimefi], we used MHPOBC, which
ropy and so they are expressed@s-&s+ A&y, §,=A%, 550 has the Sm—SmC* phase transition. In comparison

Wher_e the field-induced part& ¢, and A¢,, represent the with MHPOBC, however, MHPOCBC has a merit that the
amplitude mode(the soft modg and the phase modghe soft mode inducing the S®A—Sm<C* phase transition and

Goldstone modg respectively. Thus we have the free ENCWihe ferroelectric soft mode can be easily separated in the

in the SmE;, phase, frequency domain, i.e., they are relatively different in relax-
1 ation frequency, as will be shown later.
2 2~ 2_ The cells used in the experiments were of usual sandwich
AGTTAEA LR ZsagsAglEx CénEx type, consisting of two parallel glass substrates with inner
5 surfaces coated with indium tin oxidé€TO). An alignment
n atigs , 4) layer of polyimid was deposited on the ITO. In order to
2 e obtain good alignment, the samples were submitted for one
hour to a low frequency ac electric field around the Sm-
where we have omitted the higher-order terms which conA—Sm-C* phase transition point. The cell thickness was 25
tribute nothing to the second-order electro-optic responsg,m. The experimental setup for the electro-optical measure-
andfy is the irrelevant part. Note that the above free energyments was the same as in our previous pdjér The cell
density does not includa ¢,, indicating that the relaxation was put between crossed polarizers of a polarizing micro-
frequency of the Goldstone mode should be zero and icope, and the polarizer direction was setrgt 22.5° with
should not be excited by an applied field. However, the softespect to the optical axis, where only the birefringence

a+3B¢2

f=fot ——

modeA§; can be exited. change can be detected in the second-order response. The
The Landau-Khalatnikov equation in our system is frequency dispersions were measured from 100 Hz to 1 MHz
at stabilized temperatures by using a hot stage. Hereafter we
déy  of dag  of use a complex intensity| defined as\| =a exp(d), where
Yt T T eg . Y dt aAgE’ ® 3 and ¢ are, respectively, the amplitude and the phase in

each response.
where we have assumed that the viscosity coefficienAfor The typical frequency dispersions of the first-order re-
should be the same with the one for the ferroelectric modesponseAl s and the second-order respoisk in the SmA
By solving the above set of equations under an ac figld, phase are shown in Fig. 1. In the first respofisig. 1(@)],
=E,coswt, we get up to the second order with respect toonly one Debye-type relaxation is involved in the measured
Eo, frequency region, which is the ferroelectric mode, as is seen
from Eqgs.(8) and(9). The solid line represents the best fit by
ng:Rd:Xf(w)eXF(iwt)]ch, (6) Allf(w)=Af/(1+iw7f), Where7f=y/(a+)\§§) is the re-
laxation time of the ferroelectric mode. In the second-order
el 1 responsgFig. 1(b)], on the other hand, the squared Debye-
A§1=X5(O)(Z— E)\czb(f(w)lz) &E2 type relaxation is observed. This relaxation originates in the
ferroelectric mode, as is seen from E@®), in which §§
should be replaced by the thermal averagé&zh the SmA
£E2, phase. The Kerr effect due to the thermal fluctuation has
been observed also in MHPOBC]. The solid line in Fig.
(7) 1(b) is the best fit by the squared Debye. It was confirmed
that the relaxation frequencies obtained from the first- and
with second-order responses are the same.

!

£a 1 :
+ R%Xs(zw)(j - E)\CZXf((I))2> expi2wt)
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FIG. 1. Typical frequency dispersions @ the first-order re-

sponseAl; and (b) the second-order responad ,; obtained at
ap=22.5° in the SmA phase T=104.1°C).

In Fig. 2 the typical frequency dispersions in the &x-
phase are shown. In the first-order respdisg. 2(a)], only
the ferroelectric mode is observed as well as in the Sm-
phase. In the second-order respofBSig. 2(b)], on the con-
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FIG. 2. Typical frequency dispersions @) the first-order re-
sponseAl; and (b) the second-order responad ,; obtained at
ap=22.5° in the SnE* phase T=103.75°C). The soft mode is
indicated by an arrow.

OBSERVATION OF THE SOFT MODE IN THE Sn&* PHASE
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FIG. 3. Temperature dependencies of the relaxation modes ob-
tained from electro-optical measuremerits; and f, ; are the re-
laxation frequencies of the ferroelectric mode and the soft mode
respectively, and, , is that of a low-frequency mode.

trary, another mode is se¢mdicated by an arrow in Fig.
2(b)]. This mode should be the soft mode related to the Sm-
A-Sm<C?* phase transition. From Eqé7)—(9) , it is easily
seen that the dispersion in the SBj-can be analyzed by the
formula:

M) = o [ pgr — 2|, Ar
2f 1+i2w7g’ st (1+iw'rf)2 (1+inf)2
LA (10)
1+(iwm)?

where 7= y/(a+ 3,8§§) is the relaxation time of the soft
mode, and note that the last term has been added so as to fit
to a low-frequency mode appearing in the experiment,
though the origin of it is not yet clear. We had a good agree-
ment between the experiment and the thdtimg solid line in

Fig. 2(b)], where in the fitting we fixedr; to be the same
value determined from the first-order response.

Figure 3 shows the temperature dependencies of the re-
laxation frequenciesf, ¢= (277 "%, f, (=(27 )%, and
f.i=(2mw7) "% In the SmE% phase the soft mods, s,
related to the transition is clearly seen, and the partial soft-
ening of the ferroelectric modé, ¢, is also seen. The Curie
Weiss low is observed for the soft mode and the ferroelectric
mode. The extrapolation of the soft mode frequency gives
Tc=103.95°C. Here, it should be noted that the slope of the
soft mode(145 kHz/°C) in the SnE% phase is about four
times as large as the one of the ferroelectric m@&ekHz/
°C) in the SmA phase. Assuming that in the Sthphase
the slope of the soft mode, which is not experimentally ob-
tained now, should be the same with that of the ferroelectric
mode, the above result indicates that the SmSm-C*
phase transition should be close to the tricritical point, where
the fourth-order coefficient of the Landau expansion van-
ishes[11], as has been also pointed out bkabotet al.

[6]. This assumption may be justified by the discrete model
proposed by Sumt al. [12]. In the model the transitions to
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tilted phases from the S-phase take place in each layer is directly obtained from the fitting results, in whiét, (the
even without interactions between neighboring layers, leadsame sign witi\) >0. In addition, we get; (the same sign
ing to the result that the doubly degenerate dispersion brandhith As;) <0. _

in the SmA phase goes down without changing the shape as In conclusion, we have observed the soft mode in the Sm-

. W .
the temperature is decreased, i.e., the slope of the relaxatiére PNase, which is a direct consequence of the soft mode

. condensation. The temperature dependencies of the relax-
frequency versus the temperature measured at any point E}ion frequencies indicate that the $x-Sm-C* phase tran-

the smectic I_3r|_lloum zone Sho%*'d be the same. From thesition should be close to the tricritical point. The full analy-
above result it is necessary to include the sixth-order termggg taking into account the sixth-order terms in the free
Here, we have the sign of the coupling constantompar-  energy of the discrete model will be presented in the future.
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