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Nonlinear dielectric spectroscopy in the smectiA—smecticC}, phase transition
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We performed nonlinear dielectric spectroscopy to study the dynamic properties near the smectic-
A-smectic€* phase transition point of an antiferroelectric liquid crystal(14methyl-heptyloxycar-
bonylphenyl 4-octylcarbonyloxybiphenyl-4-carboxylatdHPOCBQ. A Landau-type theory was developed
in order to analyze the experimentally obtained frequency dispersions. From the experimental and theoretical
results we successfully obtained the temperature dependence of the relaxation frequency of the soft mode in
both the smectié and smectic* phases, which gave direct evidence that the transition is brought about by
soft mode condensation. Significant features of this transition are also discussed.
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[. INTRODUCTION birefringence change is proportional to the square of the am-
plitude of the soft modéthe tilt angle. In the SmE? phase,
Several intermediate phases, the so-called Smand on the other hand, the doubly degenerate soft mode in the
some ferrielectric phases, have been found in chiral smectiSm-A phase changes into an amplitude mode and a phase
liquid crystals in addition to the antiferroelectric Sof- mode. The amplitude mode modifies the tilt angle, while the
phase. Among them, the S@% phase has attracted much phase modgthe Goldstone modemodifies the azimuthal
attention because of its unique physical properties. Thisingle, i.e., the spatially homogeneous rotation of molecules
phase usually appears between the well known paraelectraround the layer normal. The amplitude mode becomes soft
Sm-A and ferroelectric SnG* phases, and in some com- as the transition point is approached in the Sip-phase,
pounds between Sr-and SmE} or ferrielectric phases. while the relaxation frequency of the phase mode is always
Early experiments revealed that the &Ify-phase is a tilted  zero. The ferroelectric mode still exists in the Sfj-phase,
phase with small molecular tilt angle and its magnitude in-which produces macroscopic polarization as in the Am-
creases smoothly with decreasing temperafr@]. Re-  phase. Note that the dielectric tensor can be modified both by
cently, resonant x-ray scattering measurements indicated thete amplitude mode and the ferroelectric mode, but not by
the SmE? phase has a short-pitch ferroelectriclike structurethe phase mode. In particular, the birefringence change is
and the period is incommensurate with the smectic layeproportional to the amplitude of the amplitude modke
spacing[3,4]. Therefore, the SnG* phase is considered to change of the tilt ang)e This is different from the change for
be formed by condensation of the soft mode located at &e soft mode in the SmA-phase and easily understood as
general point of the smectic Brillouin zone in the $m- follows. From symmetry considerations the birefringence
phase. In general, the observation of the soft mode is quitehangeAn, may be proportional to the square of the ampli-
important in elucidating the mechanism of phase transitionsiude of the soft modéthe tilt angle, &, in the SmA phase,
In the SMA—Sm<C* phase transition the soft mode has beeni.e., An,x&2. In the SmC* phase the spontaneous té}
observed by means of dielectric and photon correlation spe@ppears and thereforén, = (ég+A¢€)2=E2+2¢A ¢ for
troscopieg5,6]. However, for the SmA—Sm<C? phase tran- smallA¢, whereA £ is the amplitude of the amplitude mode.
sition it is difficult as will be explained later. Since the soft mode related to the $m-Sm<C? phase
Here, let us briefly explain the collective orientational transition is located at a general point in the smectic Bril-
modes related to the present study. They are illustrated ifbuin zone, it is difficult to observe it experimentally. In the
Fig. 1. In the SmA phase, the soft mode is a helically tilting Sm-C* phase, however, the soft mode changes into an am-
mode with a short pitch corresponding to the structure of thgylitude mode and a phase mode, located at the Brillouin zone
Sm<C}, phase. Its condensation brings about thecenter, and the change of the birefringence due to the ampli-
Sm-A-Sm<C?¥ phase transition. In addition to this, we have tude mode is proportional t6,A . Therefore, the amplitude
a homogeneously tilting mode, called the ferroelectric modemode can be observed. In fact, it has been observed by
which induces macroscopic polarization due to the electromeans of second-order electro-optical spectrosdapy In
clinic effect. Therefore, this mode can be directly excited bythe electro-optic response the nonlinear coupling between the
an electric field. The ferroelectric mode becomes the softsoft mode and the ferroelectric mode plays an important role
mode in the case of the SAM-Sm<C* phase transition as will be shown in Sec. Il. When we apply an electric field,
(strictly speaking, the soft mode is not exactly located at thdirst the ferroelectric mode is excited and then the soft mode
smectic Brillouin zone center, but close to the zone center téhrough the nonlinear coupling. As a result, from symmetry
produce a long-period helix in the S@* phase. These considerations it is easily seen that the amplitude mode is
modes modify the dielectric tensor or the indicatrix, asexcited asA&xE?, whereE is the applied field, resulting in
shown at the bottom of the figure. In particular, the soft modehe Kerr effect. Although the observation of the soft mode is
modifies the birefringence, but it should be noted that thalifficult in the SmA phase, it is not entirely impossible if we
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in the SmA*phe;]se. It was .reporte.d tTat especially n th? In this section, we will present the Landau theory to ana-
SmA-SmC, phase transition quite large pretransitional|y, o anq explain the experimental results of third-order non-
fluctuations were observed by means of heat capd8lly |inear dielectric spectroscopy in the o phase. As men-
birefringence[9], and layer compression modulus measuresioned earlier. in the Sr phase, we had to include
ments[10]. We have also observed them by electro-opticaly,cyations to develop a theory, but in the Sf-phase the
[11] and thlrd-orlder nonlinear dlelectng measureme{n@. soft mode can be excited by an external electric field without
The responses increased remarkably in intensity as the trafiycryations as will be seen later. On the other hand, in the
sition point was approach in the Siphase. Theoretically, sm.c* phase we need to include the sixth-order terms in the

the second-order electro-optical and the third-order nonlineggee energy to explain the temperature dependence of the
dielectric responses are both proportional toshsceptibility  tnird-order dielectric strength.

of the amplitude modg13]. In particular for the third-order First, we define the order parameter in tjtb smectic

nonlinear dielectric response, we have developed a theorl‘y51 er  as 5:(5' £.)=(non,.—n.n),  where A
under a dc field taking into account the pretransitional fluc- y 1 ASIXe Sy S S L ]
=(njx,Njy,Nnj;) is the director in theth smectic layer and

tations to explain the experimental resyllg]. The anoma- Fhe Z axis is set to be along the layer normal. It is obvious

lous increase of intensity originates in the development o L i o
that ¢; is always parallel or antiparallel to the polarization.

fluctuating large Sn€% phase domains near the transition et -
point. These facts indicate that even in the Snphase we When we apply an electric f'.eld para_llel_to the smectic layer,
we need to consider two kinds of liquid crystal molecular

may observe the frequency dispersion in the third-order non="~ v h it i he f lectri
linear dielectric response induced by the fluctuations in ordef?0tion, a spatially homogeneous tilt, 1.e., the ferroelectric
ode €x,&ry), and a helicoidal tilt, i.e., the soft mode

to obtain the relaxation frequency of the soft mode. Quitem " 5 -
recently, Orihareet al. [14] performed third-order nonlinear (§1.£2) related to the Smh—SmC;, phase transition, which
dielectric spectroscopy and succeeded in observing the sdft the primary order parameter in our case. With these modes

mode condensation in the SMphase. we can expreséi as[7]
The amplitude mode in the S@% phase can also be
observed by third-order dielectric spectroscopy. In this paper, &ix= &t &1 cosqcjd — €, sinqcjd, (1a)
we will present the complete results for the dynamic proper-
ties of the softlamplitude mode near the transition point in &y = Ery+ € SiNgcjd + &, cosq,jd, (1b)

both the SmA and SmE* phases studied by means of linear

and third-order nonlinear dielectric spectroscopy. In the nexwhereq, is the wave number of the helicoidal structure and
section, we develop a phenomenological theory and give thd the layer spacing. The ferroelectric mode located at the
expressions for the linear and third-order nonlinear dielectridrillouin zone center is directly excited by the applied field
constants. The experimental procedures are described in thlerough the piezoelectric coupling between the ferroelectric
third section. In Sec. IV we present the experimental resultenode and the polarization, which contributes to the linear
and discuss them on the basis of the theory. Section V idielectric response. In the nonlinear third-order dielectric re-
devoted to conclusions. sponse, on the other hand, the nonlinear coupling between
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the nonpolar soft mode and the ferroelectric mode plays an a+t b§§+ ng:o. (6)
essential role, as well as the coupling between the soft mode
and the applied field through the dielectric anisotropy. Takingsubstituting Eq(5) into Eq. (4), we obtain the free energy

these couplings into account, we can expand the free energyr the amplitude mode up to second order in the Gjn-
f under an applied electric field as phase:

_Ezzgzzzgzzsa_frzz a Ef b¢ 7 e
f= 2(§1+§2)+ 4(51'1”52) + 6(§1+§2) + 2 (&ixt &ry) f=fo+ §A§f+§§f2x+z§?x+§§sA§1§?x—za§sA§1E§

b
+ (B 8)+ 2 (E+ ) Et E)~M(EnPo “xihibnEs @
1 where a=a+3bgZ+5cé and a=a;+ 7£2, and f, is a
+&ryPry) + 2—(Pfx+ Pfy)—(PfXEX— P«Ey) constant independent of the amplitude and phase modes. We
Xf have omitted the higher-order terms, which contribute noth-
el , 1 5, L., ing to the third-order nonlinear diglectric response. Note that
) &yt §(§1+ &) 1 BEx—2&iéryELEy the above free energy does not inclullé,, indicating that

the relaxation frequency of the phase mode should be zero
because it is the Goldstone mode, and it cannot be excited by
' 2 an applied field. However, the relaxation frequency of the
amplitude modeA¢; is finite and can be excited through
is the dielectric anisotropy at low frequencies andlinear-quadratic couplings between the soft and ferroelectric
modes and between the soft mode and the applied electric

2
+ Sy

1
Gt 5 (£+8)

wheree,
x+ the dielectric susceptibility without the coupling between, ! , ) X :
the polarization and ferroelectric order parameter. Fhe 1€ld, which come from the biquadratic couplings in the
term represents the nonlinear biquadratic coupling betweerM# Phase. They play an important role in the third-order
the ferroelectric and soft modes. The coefficiaiig assumed di€lectric response as does the fourth-order term of the ferro-

to be linearly dependent on the temperature and becomd&l€ctric mode iln tlhe frﬁe energly, al_s showndbeIO\?_/. hird
zero at the SmA—Sm<C?, transition point.\ is the piezo- Next, we calculate the complex linear and nonlinear third-

electric constant. Equilibrium conditions for the ferroelectric ]E)rder dielectric COQStantfhun?ﬁI an ac Eeldd Fro}|<"rr1] tlht?[ gli)ove
polarization @iy ,Py,), af/aP = af13P,=0, yield ree energy we have the following Landau-Khalatnikov

equation:
Pex= X\ &ext X1Ex, (33 dp o o
— I dt agfx,
Pty=xiM &yt X1Ey - (3b)
For convenience, we consider the case where the applied dA ¢, of
field is along thex axis. Substituting Eq(3a) into Eq.(2), we YTdt  aAg (8b)

obtain

where we have assumed that the viscosity coefficiefir
a b c as by the soft mode should be the same as the one for the ferro-
f= §(§%+f§)+ Z(§§+§§)2+ E(§§+§§)3+ §§f2x+ Zfﬁx electric mode. Solving the above set of equations by the
perturbation method with respectig under an ac field with
n j(§2+§2)§2 A e E(§2+§2)E2 @) frequency o and amplitude Ey, i.e., E,=Eqcoswt
2 (61T S e T XTI EnEXT o1 T 62/ =Ejexp(wt)+c.c]/2, we get up to third order
wherea;=a; —Xf)\fz. We have dropped;, because it can- A§1=Xs(0)01(w)§sEg+ Re[XS(Zw)cz(w)exr(i2wt)]§SE(2),
not be excited by the fiel&, . In the SmE% phaseé; and (9a)
&, may be changed by the applied field through nonlinear
coupling and dielectric anisotropy. Without loss of generality &= R X\ x (@) Eqexpliwt)]
we can put

—RE{ X1\ 1€2x5(20) x( ) x1(30)Co( @)

fTETAL, HTAL, © i P(30) ()} ES expliBat)],  (ob)

where &5 is the spontaneous value, and the field-induced
partsA¢; and A¢, represent the amplitude mode and theW
phase moddthe Goldstone mode respectively. From the
equilibrium condition under no field in the S@% phase,
aflaé,=0, & is given as

ith
€ 1
ci(0) =7 = 5 N lxi(w), (10a
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e 1 L, 5, with
Cz(w):Z_EﬂXf)\fo(w)a (10b
_ a2, 2.2

and er(w)=xite + S E&F XA ixi(w), (163

xi(w)=(as+ n&+ioy) (113 , S oy s

83(w,w,w):2§s)(s(2w){§— ﬂXf)\fo(w)]
xs(@)=(a+3b&2+5ce+iwy) L, (11b)
€a

wherey;(w) and y4(w) are, respectively, thénear suscep- S anZ)\szf(w)Xf(:aw)]
tibilities of the ferroelectric mode and the soft mode. From
Egs.(9a), (10a, and(10b) it is clearly seen that the ampli- —bixIAfx:(Bw)xi(w). (16b)

tude mode can be excited through linear-quadratic couplings,

is proportional to the square of the electric field in strength,The last term in Eq(16b) comes from the fourth-order term
and oscillates with the frequencies 0 and.2Note thatA¢;  with respect tcés, in the free energy7), i.e., the nonlinearity
is proportional to&, and so the amplitude mode cannot beof the ferroelectric mode, which is well known in the non-
excited in the SmA phase without thermal fluctuations, as linear dielectric respondé 3]; it always exists irrespective of
will be described later. The first term in E@b) contributes the fluctuations and the sign dependsimn On the other
to the linear dielectric response. On the other hand, the set¥and, the first term originates in the amplitude mode and is
ond term contributes to the third-order dielectric responseproportional to thelinear susceptibility of the amplitude
which consists of two terms; the first one comes from themode for 2w, ys(2w).

amplitude mode and the second one from the nonlinearity of

the ferroelectric mode because it contains The polariza- IIl. EXPERIMENT

tion produced by the ferroelectric modg, , is obtained by

substituting Eq(9b) into the first term in Eq(3a) as The sample used in the present experiment wag-4-

b s ) methyl-heptyloxycarbonyphenyl 4-octylcarbonyloxybi-
Pix=Re (xfAfxi(@) +x1)Eg expliwt) ] phenyl-4-carboxylatdMHPOCBO), the phase sequence of
_ 2y 22 which is cryst—Sm4 —Sm-C;—-SmC* —-SmA—iso[15]. In
RA{XIAExs(20)xi(@)xi(3w)Co() comparison with MHPOBC generally used in the study of
+ibaINfxi(Bw)xi(w)Edexpi3wt)]. (120 the SmC} phase, MHPOCBC has the merits that the
Sm-C* phase exists in quite a wide temperature interval, and
In addition to the above polarization due to the ferroelecthe soft mode inducing the SHW-SmC* phase transition
tric mode, we have to take into account the field-inducedand the ferroelectric soft mode are relatively different in re-
dipOle of each molecule which comes from the dielectriqaxation frequency, as will be shown. The Samp|e was intro-
anisotropy. The dielectric constant along theaxis is ex-  duced into a cell with indium tin oxide electrodes and poly-
pressed as imide layers in the isotropic phase and cooled down slowly
to the SmA phase. The thicknr(;zss was about 25n and the
€a area of electrodes was<4 mnt.
Exx= 8L+8a<512y>28i+ 7§§+8658A§1 13 There is no measurement system commercially available
for nonlinear dielectric spectroscopy. For our purpose, to
wheree | is the dielectric constant perpendicular to the mol-study the dynamics in antiferroelectric liquid crystals, we
ecules. Therefore, we have the dielectric displacement due ftave made a measurement system, the schematic of which is
the induced dipole of each molecule: shown in Fig. 2. We used a charge amplifier and a vector
signal analyzer with an oscillatdiHP89410. A sinusoidal
Ea , . electric field was applied to the sample by the oscillator, and
e+ 7&) Eo expliwt) the output signal from the charge amplifier, which is propor-
tional to the electric displacement in the sample, was ana-
lyzed with the vector signal analyzer to obtain the amplitudes
. and phases of the linear and third-order dielectric responses.
The oscillator used in the measurements had higher-order
(14 harmonics and so their contributions were subtracted in the
analyses. The cell was mounted in a hot stdgstec HS]1
and the temperature was controlled with an accuracy of
0.005°C. The frequency dispersions were measured from

D<m>:sXXEX=R{

€a 2 3 .
+ ?ngs(zw)Cz(w)Eo expi3wt)+ - - -

Thus, we have the total dielectric displacement as

=pm - . .
D, =D+ Py, 100 Hz to 1 MHz at stabilized temperatures in the cooling
—Re e4(0)E, exmwt)+s3(w,w,w)E8 process. In the present expe_riment we performed nonlinear
dielectric spectroscopy also in the Sinphase, where the
Xexpi3wt)+-- -] (15  third-order dielectric response exists only in a very narrow
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FIG. 2. Schematic diagram of the linear and nonlinear dielectric
measurement system used in the present experiment. c\’g
o
temperature range near the transition point. Therefore, we S
performed the measurements with a step of 0.02°C. =
In general, when a cosine electric fielt= Ey coswt is a”
applied to the sample, the electric displacemBntan be
e?prtessed in terms of linear and nonlinear dielectric con- 2y 001 502 503
stants as Eos (Vum®)
Eo 0 8 ) FIG. 3. Dependences of the real and imaginary part&oD ;
D=1e1(w) > +3e3(w,0,~w) > T exp(i wt) and(b) D3 on EJ, measured simultaneously at 1 kHz at 102.10 °C
just below the SmA—Sm<C? phase transition point. The solid lines
Eo s Eg 5 are the best fitting results @,=¢,Eg .
+ies3(w,0,0) > +5¢e5(w,0,0,0,— ) >
to be 0.292 VLm from Fig. 3 and is indicated by arrows
+.-. fexpi3wt)+---+c.C., (17  therein.
Figure 4 shows the temperature dependences of the real

parts of the linear and third-order dielectric constants mea-
where we have assumed that the sample is nonpolar, i.e., feured at 1 kHz. Both the linear and third-order dielectric
reasons of symmetry the even-order terms with respect to theonstants have peaks around the transition point, but their
field strength disappear. In the above expressigiiw) is peak positions do not coincide. Therefore, we determined the
the linear dielectric constant and the other coefficients ar&mA-Sm<C* phase transition point from the inflection
nonlinear dielectric constants. In the present experiments wgoint in the temperature dependence of the birefringence.
measured the linear dielectric constan{w) and the third-  Precise measurements of the birefringence have been made
order dielectric constant;(w,w,w). From this equation itis by Skaraboet al. and they observed a sudden change of the
clear that in the actual measurements it is necessary to cheglope at the transition poiri2]. As a result of the simulta-
the linearity between theth-order responsB,, andEj when  neous dielectric and birefringence measurements, it has been

we would like to obtaine,(w, ...,w). Otherwise, the clarified that the peak temperature of the linear dielectric
higher-order contributions are included and the correct valueonstant corresponds to the transition temperature
cannot be obtained. (102.26 °C) as shown in Fig. 4. The details of the simulta-

IV. RESULTS AND DISCUSSION

First, we show in Fig. 3 the dependences of the complex
electric displacementd,, on Ej at 102.1°C just below the
Sm-A-Sm<C? phase transition point to check the linearity of
the dielectric response. Helg; andD 5 are the first- and the
third-order harmonics oD, i.e., the coefficients of exjgt) [ o .
and exp(Bwt), respectively. In the measured electric field o
range, it was confirmed that both the real and imaginary parts /
of the electric displacement3,, have linear relations with 0L L L
the electric fieldEg, indicating that there is no contribution 100 19I'1em 02 103 104

! perature ("C)
from the higher-order terms and we can correctly measure
g1(w) andez(w,w,w) from the slope. When we measured  FIG. 4. Temperature dependences of the real parts(@$) and
the temperature dependence of dielectric dispersions we aps;(w,w,») measured simultaneously at 1 kHz in the cooling pro-
plied only one value of field strength, which was determinedcess.

(AW, 01) 53
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neous measurements will be reported elsewh&éé T T T
The linear dielectric constant increases gradually in the \ 102,04 (°C) ]
Sm-A phase as the transition point is approached, and takes a
maximum, and then it decreases in the 8hphase, as has
been reported by Isozalt al. [15]. From Egs.(168 and
(118, which are also valid in the SrA-phase when we put
£.,=0[14], it is easily seen that the linear dielectric constant
has a linear relationship to the susceptibility of the ferroelec-
tric mode, x¢(w). Therefore, this gradual increase with de-
creasing temperature in the Sinphase indicates the partial
softening of the ferroelectric mode. This will be made clearer
by the temperature dependence of its relaxation frequency as
shown later. In the third-order dielectric response, on the

other hand, the temperature dependence is more complicated. riG 5. Temperature dependence of the frequency dispersion in
At high temperatures far from the transition point in the _»

. . X " e3(w). The transition point is about 102.26 °C and the correspond-
Sm-A phase the real part is negative and increases with d&sg frequency dispersion is drawn by a bold line.

creasing temperature, and then it becomes zero above the

transition point and changes sign to positive. In the vicinitywhere the last term has been added to take the conductivity
of the transition point it increases steeply and has a peaiito account, and= y/(a;+ 5£2) is the relaxation time of
below the transition temperature in the $fj- phase, and the ferroelectric modes.. is the dielectric constant at the
then it decreases with decreasing temperature. The steep iRigh-frequency limit,A x is the dielectric strength, ang;
crease of the third-order dielectric response near the transing s are distribution parameters. The fit result using the
tion point in the SmA phase has been explained by a theorYIeast-squares method is shown by solid lines in Fig).&

that takes_into account the pretra_nsitional ﬂuctuatj[ﬂﬂ. good agreement was obtained. The distribution parangter
Howeverz, it can be roughly explained by EQ.6b), if we a5 aimost 1. In the third-order dielectric response shown in
replaceés by its thermal average. In EL6Db) there are two  Fig_ @), on the other hand, the frequency dispersion is quite
contributions to the third-order dielectric constant; onegifferent from that of the linear one. Orihaea al. [14] have
comes from the soft mode and the other from the fourthyade a detailed analysis of the frequency dispersion of the
order term with respect g, in Eq. (7). The former is posi- tnird-order dielectric response in the Sinphase on the ba-
tive and proportional to the mean square fluctuation for thiss of a formula derived from the Langevin equation taking
case and so it takes positive large values near the transitiqAto account the pretransitional fluctuations. According to

sign of the latter depends on the coefficidnt, which is 2, (24 in Eq. (16b) by

considered to be positive sines is negative far from the

\ 102.42 ) ]

e, (102 Fm/V?)

1 1
1000 10* 10°

Frequency (Hz)

100

transition point where the fluctuations are negligibly small. 20 T T T

These facts can also explain the sign inversion of the third- SmA

order dielectric constant in the Siphase. 15p @ o ]

We show the temperature dependence of the frequency & 102.30°C

dispersion ofe}(w), which is defined as-Im(es), in the ~ 10p o Red 1

vicinity of the SmA—-Sm-<C? phase transition point in Fig. 5, © maginary

where the temperature step is 0.02 °C. We can clearly see the St /\

softening of the soft mode in both the Stnand SmE? — .

phases and the peak frequency has a minimum at about 10° 10° 10* 10° 10°
1.2 r r r

102.26 ° C(the corresponding dispersion curve is shown by a
bold line), which corresponds to the peak temperature of the
linear dielectric constant. The actual relaxation frequency
should be obtained by a least-squares fit using the formula
derived theoretically.

Figure 6 shows the typical frequency dispersions of the
linear dielectric constant; and the third-order dielectric
constants; in the SmA phase (102.30°C). It is seen from
Fig. 6(a) that only the ferroelectric mode is involved in the
linear dielectric constant in the measured frequency region.
The increase of dielectric constant at low frequency should

be due to ionic conduction. In our analysis, therefore, we FIG. 6. Typical frequency dispersions ¢ &;(w) and (b)
modified Eq.(16a to g3(w,w,w) obtained in the S phase (102.30°C). The solid
lines represent the best fit results with o) and Eq.(21) for the

L L
10* 10° 10°

10°
Frequency (Hz)

Axs linear and the third-order nonlinear dielectric dispersions, respec-
ei(w)=ge.+ _ +— 5 (18)  tively. In (b), the broken line is the best fit with the distribution
1+(iwr)Pt (i0m) parameters.
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C|IT-T, Yg(iwrs), (19 20 - T T
SmC *
with 15F ¢
@ 101.82°C
2(V1+z-1) LF L ke ]
90Z)=———=——, (20 e eal
Z ° Imaginary

5F 3
whereC is a constant ands is the relaxation frequency of _/\
s q y o b . .
1

the soft mode. When the above equation was derived it was 0 10° 10° 10° 10°
assumed that not only the soft mode locatedjatin the m—————y T T
smectic Brillouin zone but also the modes arowpadontrib- 2 ]
ute to the third-order dielectric response and the soft mode
branch has a parabolic dispersion aroumd Therefore,
o(iw7s) has a wide distribution of relaxation times. We used

the following formula for the fitting ok 3 in the SmA phase:

As2
As— —52>
(1tiewTs)

e, (102 Fm/V?)

g3(w,w,0)=g(iwTs) 102 163 164 165 10°
Frequency (Hz)

X

Asz )

AT T o) (1+1307)

FIG. 7. Typical frequency dispersions @& ¢,(w) and (b)
e3(w,w,w) obtained at 101.82 °C in the S@% phase. The solid
lines represent the best fit results with E8B8) and Eq.(22) for the
Ar (21) linear and third-order nonlinear dielectric dispersions, respectively.

+ .
(1-|-i3w7'f)(1-|-i(m'f)3

From Egs.(16b), (113, (11b), (108, and(10b), it is easily
Since the contribution from the dielectric anisotropy termseen that the expression feg in the SmG for the fitting is
Agi in our present experiment was small, we fixed it to begiven by
zero to obtain better stability in the fitting process. The solid

lines in Fig. @b) represent the best fit with the above for- 1 A
mula, where we fixedr; to be the same value determined e3(w,0,0)= —( 1= —Sz)
from £,. At low frequencies the agreement between the 1+(i2w7)Ps (1+iwr)?
theory and the experiment is not good. This is improved by A
introducing 8 in Eq. (21); by replacingi s by (i w7s)Ps. x| Ag— i 2 )
The parameter3, causes a distribution of relaxation fre- (It+iwr)(1+i3wTy)

quency as in the Cole-Cole functior{ 14 (i w7s)?]. The fit A
result is shown by the broken lines in Fighk The agree- + f
ment becomes much better. This result indicates that we need (1+i3w7)(1+i arrf)3’
another distribution, although the functigfi w 5) itself has
a distribution as described above. The discrepancy mayherers=y/(a+3b&:+5c£d) is the relaxation time of the
originate from the temperature distribution in the samplesoft mode(the amplitude modeand a distribution parameter
However, we have to mention another possibility, that in8Bs has been introduced. Note that Eg2) is obtained from
principle g(iw7s) should have a broader distribution since Eq. (21) by replacingg(iwzs) by 1[1+(i2w7s)?s]. The
we have used a few assumptions such as the Gaussian ditting procedure in the SiG% phase was the same as that in
proximation and the parabolic dispersion in deriving Eq.the SmA phase. The solid line in Fig.(B) is a theoretical
(21). The origin is not yet clear. In addition, it was seen thatcurve and a good agreement is obtained between the experi-
75 strongly depends orB;. Therefore, we used(iws) ment and the theory.
without B when we analyzed the data to obtain the relax- Figure 8 shows the temperature dependences of the relax-
ation frequency of the soft mode. Here, it should be notedation frequencies of the ferroelectric mode and the soft
that even if we introducess the deviation from the data mode, f, (= (2m7;)~* and f, = (27 7) ', obtained from
remains at very low frequencies. This may be due to thehe fitting. In the SmA phase the relaxation frequency of the
ionic conductivity or another mode in the low-frequency re-soft mode, f, s, decreases as the transition point is ap-
gion, which has been observed also by electro-optical megroached and becomes almost zero at the transition point,
surement in the Sn&% phase7]. namely, soft mode condensation takes place, and in the
Next, we show the typical frequency dispersions in theSm-C% phase the relaxation frequency of the soft m¢ttie
Sm-<C* phase in Fig. 7. In the linear dielectric respoitage  amplitude modgincreases with decreasing temperature. The
only the ferroelectric mode is observed as in the Siphase  Curie-Weiss law holds for these modes. Thus, the soft mode
and is well fitted by using Eq.18). The dispersion curve of (the amplitude modehas been observed in the vicinity of the
the third-order dielectric response is shown in Figb)7 SmA-Sm<C?* phase transition point. For the ferroelectric

(22)
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FIG. 8. Temperature dependences of the relaxation frequencies

obtained from the linear and the third-order nonlinear dielectric  FIG. 9. Temperature dependences of adjustable parameters.
spectroscopyf, ; and f,  are the relaxation frequencies of the

ferroelectric mode and the soft mode, respectively. oc(b+2c§2)*1 where we have pufy(s,)=0. Since the
S. 1 sl a/— Y-

mode, on the other hand, partial softening is seen in th&mMA-SmC}, phase transition is of second orderis posi-
Sm-A phase. This fact and the relation=y/(a;+ 7}55) tive. Whenc is positive,Ag2 should decrease monotonically
with £,=0 indicate tha@; should decrease as the tempera-With decreasing temperature. In this case, it is not possible to
ture is decreased. In the S@f: phase the relaxation fre- €Xplain the increase just below the transition point, but it
quency increases, indicating thatshould be positive. Here, Might be possible by taking into account the nonlinearity and

it should be noted that the slope of the soft modethe large fluctuations. Just below the transition point many
(146 kHz/°C) in the SnE* phase is about four times phase defects, which appear due to the phase mismatch of
larger than that in the Sm—pﬁase (34 kHz/°C). This result the order parameter, may be excited. These defects can make

indicates that the SPA—SmC* phase transition should be &" additional contribution to the third-order dielectric con-
@ ; ; 2 ;

close to the tricritical point, where the fourth-order coeffi- Stant. On the contrary, whea is negativeAs, should in-

cient in the Landau expansion vanishes and the slope ratig/€ase monotonically. If we regard this increase as the one

becomes 417], as has been pointed out bkaBabotet al. experimentally observed just below the transition point, the

[2]. In addition, the slopes of the soft and ferroelectric mode{?"ow'ng decrease may be reproduced Dby introducing
in the SmA phase are almost the same; the latter is |gher—or_der terms m_the free energy V\(lthln the Langjau
38 kHz/°C. This result was assumed in our previous pape eory W.'thOUt quctuat|ons,_aIthough §h|s IS not a pIau§|bIe
when we discussed the validity of a discrete model propose xplanation. In c_)r_der to _cla_rlfy the origin of the anomaly just
by Sunet al. [18] to explain the dynamics of phase transi- elow the transition point it may be necessary to Smdy the
tions in antiferroelectric liquid crystals. In the model the effect* of fluctuations in the third-order response in the
transitions to tilted phases from the Skphase are assumed SMC, phase. The anomaly can also be seen, in the tempera-
to take place in each layer even without interactions betweef!re dependence @s; as the transition point is approached
neighboring layers, leading to the result that the doubly deBs decreases remarkably just below it.
generate dispersion branch in the #nphase goes down
without changing shape as the temperature is decreased in
the SmA phase, i.e., the slope of the relaxation frequency vs
the temperature measured at any point in the smectic Bril- We have performed linear and the third-order non-
louin zone should be the same. In the present case this mealsear dielectric spectroscopies in an antiferroelectric
thata;=a+b, whereb is a temperature-independent posi- liquid crystal 4¢1-methyl-heptyloxycarbonyphenyl 4-
tive constant. octylcarbonyloxybiphenil-4-carboxylate. A  Landau-type
The other parameters obtained from the least-squares fitheory was developed to analyze the frequency dispersions.
ting are shown in Fig. 9. It is seen that (= —by) takes a By utilizing the theory we have succeeded in obtaining the
small negative value independent of the temperature, indicatelaxation frequency of the soft modthe amplitude mode
ing that the contribution of the fourth-order term of the ferro-in both the SmA and SmC* phases. The relaxation fre-
electric mode is quite small. In Fig. &2, was plotted in-  quency obeys the Curie-Weiss law in both phases and there-
stead ofAg; itself since it is the third-order dielectric strength fore this is direct evidence that the S/s-SnC* phase tran-
and is proportional to the soft mode strengtf(0). Com-  sition is brought about by the soft mode condensation of an
pared withA;, AZ, is positive as it should be and becomesoverdamped collective mode. Furthermore, from the slopes
large near the transition point. The temperature dependencs# the relaxation frequencies of the soft madee amplitude
of A% is quite similar to that of; at 1 kHz shown in Fig. 3. mode and the ferroelectric mode, we conclude directly that
In the SMC* phaseAZ, takes a peak value inside, not at the the SmA—SnC* phase transition is close to a tricritical
transition point. This behavior cannot be explained by thepoint, and the discrete model, in which the transitions to
present theory. From EqélL6b), (6), and(11b) it is seen that tilted phases from the Si-phase take place in each layer
near the transition point in the S@% phaseAizocggXS(O) even without interactions between neighboring layers, is

V. CONCLUSIONS
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