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Observation of the soft-mode condensation in the Sm-A –Sm-Ca* phase transition
by nonlinear dielectric spectroscopy
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1Department of Applied Physics, Graduate School of Engineering, Nagoya University, Nagoya 464-8603, Japan
2LPMC, Facultédes Sciences, 33 rue Saint-Leu, 80039 Amiens, France

~Received 23 February 2001; published 28 March 2002!

We have theoretically and experimentally studied the nonlinear dielectric response under large orientational
fluctuations near the Sm-A–Sm-Ca* phase transition point in a chiral smectic liquid crystal. The third-order
nonlinear dielectric response due to the fluctuations was observed in the vicinity of the transition point. By
using it, we have successfully observed the soft-mode condensation inducing the Sm-A–Sm-Ca* phase transi-
tion.

DOI: 10.1103/PhysRevE.65.040701 PACS number~s!: 61.30.2v, 64.70.Md, 64.60.Ht

Chiral smectic liquid crystals have various phases due to
their XY-like nature@1#. In the Sm-A phase with the highest
symmetry the molecules are perpendicular to smectic layers,
while in lower temperature phases the molecules tilt but the
tilting directions can be different in different layers to con-
struct different phases. For example, in the Sm-C* phase all
the molecules tilt in the same direction and in the Sm-CA*
phase the molecules in the neighboring layers tilt in the op-
posite directions, though these structures are slightly twisted
along the layer normal by the chirality. The phase transitions
from the Sm-A phase to these tilted smectic phases are con-
sidered to be brought about by the condensation of
overdamped-collective-orientational soft modes. Actually,
for the Sm-A–Sm-C* phase transition the soft mode has
been observed clearly in both Sm-A and Sm-C* phases by
means of dielectric spectroscopy@2# and photon correlation
spectroscopy@3#. Among tilted phases, the Sm-Ca* phase has
been attracting much attention, which has an incommensu-
rate, short-period ferroelectriclike structure@4#. For the
Sm-A–Sm-Ca* phase transition, we have observed the soft
mode ~the amplitude mode! only in the Sm-Ca* phase by
means of the second-order electro-optic measurement@5#.
This result indicates that the soft mode must exist also in the
Sm-A phase, though it could not be observed because the
soft mode is a helically tilted mode with a short pitch, i.e., it
exists at a general point of the smectic Brillouin zone in the
Sm-A phase. Therefore, it was not observed in the Sm-A
phase, but in the Sm-Ca* phase because the soft mode be-
comes a zone-center mode by the symmetry breaking. In the
Sm-Ca* phase, when we apply an electric field parallel to
smectic layers two modes can be excited; the ferroelectric
mode ~the tilting toward the direction perpendicular to the
field! due to the electroclinic effect and the amplitude mode
~the change of tilt angle!, which bring about the rotation of
indicatrix and the change of birefringence, respectively, to be
observed by the electro-optic measurement.

In the Sm-A phase, on the other hand, unusually large
pretransitional fluctuations have been observed near the tran-
sition point by heat capacity@6#, birefringence@7#, and layer
compression modulus measurements@8#. These large fluctua-
tions enable us to observe the soft mode in the Sm-A phase,
as explained below. We have observed them also by electro-

optic @9# and third-order nonlinear dielectric measurements
@10#. Their responses remarkably increased in intensity as the
transition point was approached in the Sm-A phase. Theoreti-
cally, the second-order electro-optic and third-order nonlin-
ear dielectric responses are both proportional to the suscep-
tibility of the amplitude mode@11#. The anomalous increase
of intensity originates in the development of fluctuating large
Sm-Ca* domains near the transition point. These facts indi-
cates that even in the Sm-A phase we may observe the fre-
quency dispersion in the third-order nonlinear dielectric re-
sponse induced by the fluctuations to obtain the relaxation
frequency of the soft-mode, the temperature dependence of
which will give the direct evidence of the soft-mode conden-
sation in the Sm-A–Sm-Ca* phase transition. In this paper,
we derive the formula describing the fluctuation-induced
third-order nonlinear dielectric response under an ac field
from the Langevin equation and then analyze experimental
results.

We can express the spatially dependent order parameters
„jx(x,y, jd),jy(x,y, jd)… @12#, where j is the layer number
andd the layer spacing, by the helicoidal coordinate@1# and
the Fourier transformation

S jx~x,y, jd !

jy~x,y, jd !
D 5S j f x

j f y
D 1S cosqcjd 2sinqcjd

sinqcjd cosqcjd D(
q

S j1q

j2q
D

3exp@ i ~qxx1qyy1qzjd !#, ~1!

where (j f x ,j f y) and (j1q ,j2q) are, respectively, the ferro-
electric mode~the tilting toward the direction perpendicular
to the applied field! and the helically tilted mode in the soft-
mode branch, andqc is the wave number related to the
Sm-A–Sm-Ca* phase transition. It should be noted that the
mode with q50, (j10 ,j20), represents the soft mode~the
helically tilted mode withqc in the laboratory frame! induc-
ing the Sm-A– Sm-Ca* phase transition, but the modes with
qÞ0 are also necessary for our purpose. In the fluctuation-
induced nonlinear dielectric response, the nonlinear coupling
between the ferroelectric mode (j f x ,j f y) and the modes
(j1q ,j2q) with wave vectors aroundq50 plays an essential
role as well as the dielectric anisotropy. Taking into account
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these, we can write the free energyF divided by the sample
volumeV under an electric field along thex axis,Ex , in the
Sm-A phase as

F/V5(
q

H aq

2
~ uj1qu21uj2qu2!1

h

2
~ uj1qu21uj2qu2!j f x

2

2
ea

4
~ uj1qu21uj2qu2!Ex

2J 1
af8

2
j f x

2 1
bf

4
j f x

4

2l fj f xPf x1
1

2x f
Pf x

2 2Pf xEx , ~2!

where Pf x is the macroscopic polarization alongx axis, ea
the dielectric anisotropy, and we assume that the dispersion
is parabolic in the soft-mode branch,aq5a01k'(qx

21qy
2)

1k iqz
2 , anda0 is linearly dependent on the temperature and

becomes zero at the Sm-A–Sm-Ca* transition point. The
equilibrium condition,]F/]Pf x50, yields

Pf x5x fl fj f x1x fEx , ~3!

and substituting this equation into Eq.~2! we get

F/V5(
q

H aq

2
~ uj1qu21uj2qu2!1

h

2
~ uj1qu21uj2qu2!j f x

2

2
ea

4
~ uj1qu21uj2qu2!Ex
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2
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2 1
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4
j f x

4

2x fl fj f xEx2
1

2
x fEx

2 , ~4!

whereaf5af821/2x fl f
2 . With the free energy and the dissi-

pation functionD,

D/V5
gs

2 (
q

~ u j̇1qu21u j̇2qu2!1
g f

2
j̇ f x

2 , ~5!

the dynamics can be expressed as

]D

]j̇ f x

52
]F

]j f x
,

]D

]j̇nq*
52

]F

]jnq*
1Rnq~ t ! ~n51,2!, ~6!

where Rnq(t) is the random force satisfying the following
relation:

^Rnq~ t !* Rn8q8~ t8!&52VgskBTdnn8dqq8d~ t2t8!. ~7!

Solving the above set of equations under an ac electric field,
Ex5E0cosvt, by the pertubation method with respect toE0,
we get

j f x5Re@x fl fx f~v!eivt#E02
1

4
ReF H a0

21/2hkBT

4pAk ik'

3x fl fx f~v!x f~3v!c~v!g~ ivts!

1bfx f
3l f

3x f~3v!x f
3~v!J ei3vtGE0

31••• ~8!

with

g~Z!52~A11Z21!/Z,

x f~v!5S af1h(
q

^uj1qu21uj2qu2&Ex501 ivg f D 21

,

c~v!5 1
2 ea2hx f

2l f
2x f

2~v!, ~9!

wherets(5gs /a0) is the relaxation time of the soft mode at
q50 and the thermal average(q^uj1qu21uj2qu2&Ex50 in the

absence of field is calculated as 2kBT/V(qaq
21.kBTA(1

2Ba0
1/2) (A and B are constants!. Note thatx f(v) is the

susceptibility of the ferroelectric mode andg( ivts) with a
broad frequency dispersion comes from the modes in the
soft-mode branch. The macroscopic polarizationPf x due
to j f x is easily obtained from Eq.~3!. In addition toPf x ,
we have to calculate the field-induced polarization due
to the dielectric anisotropy. The corresponding dielectric
displacement Dx

(diel) is expressed as exxEx.(e'

1ea^jy(x,y, jd)2&)Ex @11#. The thermal average can be cal-
culated from the equations of motion and we get

Dx
(diel)5Re@$e'1eakBTA~12Ba0

1/2!%eivt#E0

1
1

4
ReFa0

21/2hkBT

8pAk ik'

eac~v!g~ ivts!e
i3vtGE0

31•••.

~10!

The total dielectric displacement,Dx5Pf x1Dx
(diel) , should

be expressed as

Dx5Re@e1~v!eivtE0#1Re@e3~v!ei3vtE0
3#1•••, ~11!

where e1(v) and e3(v) are, respectively, the linear and
third-order dielectric constants. Thus, we finally have

e1~v!5e'1x f1eakBTA~12Ba0
1/2!1x f

2x f
2x f~v!,

~12!

e3~v!5
a0

21/2kBT

4pAk ik'

@ 1
2 ea2hx f

2l f
2x f

2~v!#

3@ 1
2 ea2hx f

2l f
2x f~v!x f~3v!#g~ ivts!

2bfx f
4l f

4x f~3v!x f
3~v!. ~13!

It is easily seen that the first term in the right hand side of
e3(v) comes from the fluctuations through the coupling and
the dielectric anisotropy because it haskBT, h, andea , and
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it diverges at the transition point asa0
21/2 within the Gaussian

approximation. It should be noted that this contribution is
always positive atv50, the physical meaning of which has
been discussed in detail@11#. On the other hand, the second
term is due to the fourth-order term with respect toj f x in the
free energy~4!, which always exists irrespective of the fluc-
tuation and the sign of which depends onbf .

The sample used in the present experiment was
MHPOCBC, the phase sequence of which is
Sm-CA* –Sm-Ca* –Sm-A @13#. The sample was sandwiched
between two glass plates with indium tin oxide electrodes
and polyimid alignment layers. The thickness was about
12 mm and the area of electrodes was 16 mm2. The cell
was mounted in a hot stage~Instec HS1!. A sinusoidal elec-
tric field was applied to the cell and the output signal pro-
portional to the electric displacement was analyzed with a
vector signal analyzer~HP89410!.

Figure 1 shows the frequency dispersions of the linear
dielectric constant,e1, and the third-order dielectric constant,
e3, at 102.7 °C near the transition point in Sm-A. The ferro-
electric mode is clearly observed in the linear dielectric re-
sponse. The solid lines in the figure represent the best fit with
e1 of Eq. ~12!, where we added a dispersion due to conduc-
tion such ass/ iv at low frequencies. In the third-order di-
electric response, on the other hand, a complex dispersion is
seen, which is expressed by Eq.~13!. The complexity comes
from x f(v) andx f(3v) included in Eq.~13!. The solid lines
in the figure represent the best fit with Eq.~13!. At low

frequencies the agreement between the theory and the experi-
ment is not good. This is improved by introducingb in Eq.
~13!; by replacingivts by (ivts)

b. The parameterb brings
the distribution of relaxation frequency as in the Cole-Cole
function, 1/@11( ivts)

b#. The fitting result is shown by the
broken lines in Fig. 1~b!. The agreement becomes much bet-
ter. This result indicates that we need another distribution,
though the functiong( ivts) itself has a distribution as de-
scribed above. It may originate from the temperature distri-
bution in the sample. However, we have to mention another
possibility that, in principle,g( ivts) should have a more
broad distribution since we have used some assumptions
such as the Gaussian approximation and the parabolic disper-
sion in deriving Eq.~13!. The origin is not yet clear. There-
fore, we usedg( ivts) without b when we analyzed the data
to obtain the relaxation frequency of the soft mode.

Next, we show the temperature dependence of the fre-
quency dispersion ine39(v). As shown in Fig. 2, we can
clearly see the softening of the soft mode both in the Sm-A
and Sm-Ca* phases, where the transition temperature is about
102.64 °C.

Last, we show the temperature dependencies of the relax-
ation frequencies of the soft mode and the ferroelectric
mode,f r ,s51/2pts and f r , f51/2pt f , obtained by fitting in
Fig. 3. This exhibits the direct evidence of the soft-mode
condensation in the Sm-A phase. The behavior of the soft

FIG. 1. Frequency dispersions of~a! the linear dielectric re-
sponse and~b! the third-order nonlinear dielectric response at
102.7 °C in Sm-A.

FIG. 2. Temperature dependence of the frequency dispersion in
e39(v). The transition point is about 102.64 °C.

FIG. 3. Temperature dependencies of the relaxation frequency
of the ferroelectric modef r , f and that of the soft modef r ,s .

RAPID COMMUNICATIONS

OBSERVATION OF THE SOFT-MODE CONDENSATION . . . PHYSICAL REVIEW E65 040701~R!

040701-3



mode~the amplitude mode! in the Sm-Ca* phase will be re-
ported elsewhere because we need different formula to ana-
lyze the data there@14#. Note that the ferroelectric mode
becomes soft and the slopes of the soft and ferroelectric
modes are nearly the same. This fact supports a discrete
model to describe the phase transitions in antiferroelectric
liquid crystals, where it is assumed that the transitions to
tilted phases from the Sm-A phase take place in each layer
even without interactions between neighboring layers, lead-
ing to the result that the doubly degenerate dispersion branch
in the Sm-A phase goes down without changing the shape as
the temperature is decreased, i.e., the slope of the relaxation
frequency vs the temperature measured at any point in the
smectic Brillouin zone should be the same@12#.

In conclusion, by using the fluctuation-induced third-
order nonlinear dielectric spectroscopy, we have observed
the soft-mode condensation taking place at a general point of
the Brillouin zone in the Sm-A–Sm-Ca* phase transition,

which could not be observed by conventional methods. This
soft mode is a simple helix with a short pitch in the Sm-A
phase. Therefore, it is natural that the Sm-Ca* phase induced
by its condensation should have a simple helix and be similar
to Sm-C* , but only different in pitch, at least near the tran-
sition point. We have also clearly demonstrated that the
third-order nonlinear dielectric spectroscopy has an outstand-
ing merit that we can measure the frequency dispersion,
compared with the other methods such as the heat capacity,
birefringence, and layer compression modulus measurements
by which the fluctuations were observed.

We would like to thank Showa Shell Sekiyu Co. Ltd. for
supplying MHPOCBC, and Mr. Y. Wakui for his technical
support. One of the authors~V.B.! thanks Japan Society of
Promotion of Science. This study was partly supported by a
Grant-in Aid from the Ministry of Education, Science,
Sports, and Culture~Grant Nos. 11099724 and 12650882!.
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