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Nonlinear dielectric relaxation spectroscopy of the antiferroelectric liquid crystal
4-(1-trifluoromethyl-pheptyloxycarbonyl) phenyl 4'-octyloxybiphenyl-4-carboxylate
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The linear and third-order nonlinear dielectric constants of the antiferroelectric liquid crystal 4-
trifluoromethyl-pheptyloxycarbonylphenyl 4 -octyloxybiphenyl-4-carboxylate were experimentally studied
in its smecticA (Sm-A) and smecticS} (Sm-C}) phases. Both dielectric constants showed a critical behavior
near the SmA—-Sm<C} phase transition corresponding to the softening of ferroelectric soft mode and the
increase of the fluctuation in the tilt direction. In the Sfi-phase, no relaxation was observed in the linear
spectrum, but the third-order nonlinear dielectric spectrum showed a Debye-type relaxation with a relaxation
frequency of a few kHz corresponding to the Goldstone mode in the€Smhase. This nonlinear response
was theoretically analyzed and ascribed to a field-induced biaxiality, i.e., the deformation of the helical
structure due to a coupling between the dielectric anisotropy and the electric field. The temperature dependence
of the nonlinear spectrum was also discus$8d.063-651X%96)11306-4

PACS numbes): 64.70.Md, 77.22.Gm, 77.84s

I. INTRODUCTION the SmC} phase where the spontaneous polarization is can-
celed locally and thus it is not observable in the linear di-

lectric relaxation spectroscopy without a dc bias electric

the attention O.f many res_earchers n_ot qnly for their IOOtentIa‘ﬁeld [12-14. This mode is only detectable directly by the
to an alterna_tlve type dlsplay application but also for.t_he uasielastic light scatterindphoton correlation method
fundamental interest in their structures and phase transitions g 16,

since the discovery of tristable switching in(Z-methyl- Recently, the dielectric relaxation spectroscopy has been
heptyloxycarbonylphenyl  4’-octylbiphenyl-4-carboxylate  extended to the nonlinear regime and applied to a variety of
(MHPOBCQ) in the chiral smecti€€ (Sm-C3) phasg2]and  materials including ferroelectric polymef&7,18 and ferro-

the herring bone molecular alignment in 1-methyl-heptyl-electric liquid crystal$19,20d. In these materials, the nonlin-
terephthalidene-bis-aminocinnamatéMHTAC) in the ear dielectric relaxation is regarded as a higher-order effect
smecticO* phase[3]. These smectic liquid crystals often on the motional mode of molecular dipoles in the materials
show a variety of new electroactive smedicphases such due to the applied electric field and has its counterpart in the
as the ferrielectric Snﬁ:—’; phase[4], the antiferroelectric linear relaxation spectrum. The nonlinear dielectric spectrum

Sm-C* phase, and the mysterious Sb- phase[5] besides is expected to give more detailed information on the molecu-
the conventional ferroelectric S@* phase. In the SrE% lar motion and the microscopic environment of dipoles com-

hase, the constituent molecules tilt from the layer normaPare<j with the linear one.
pr DS o Y In this paper we have applied the nonlinear dielectric
with their tilt directions almost opposite in the adjacent Iay-r.n

367! (herring b fruct dqf helical st easurement to an AFLC in the vicinity of the S®%-Sm-
ters[d, ' ]t(tﬁrr'mgh' O?Sé’éucl u’ﬁ” (t)':‘m a Ie 'f[:z.i struc- A phase transition and in the S8% phase. The frequency
e Ol S pectm ofthe trd-orcer noincar iletic consie

’ SP P L J in the SmEX phase is found to be a Debye-type one which
layers point to almost antiparallel directions and are canceIeH . . i .

as no counterpart in the linear spectrum. This nonlinear

macroscopically even in the helix unwound state. spectrum is theoretically explained by the deformation of the

As the dielectric response of AFLCs is sensitive to the"h lical structure induced by the electric field through the
phase transitions and structures, the dielectric measuremet ; : ; y 9

. . dielectric anisotropy in AFLCs.
has become one of the popular tools for designating the

Antiferroelectric liquid crystal$AFLC) [1] have attracted

phase sequences and investigating the phase transitions of Il EXPERIMENT
AFLCs[9,10]. In the SmE} phase, at least three relaxation
modes are observed by the dielectric measurerfieint13. Under the weak applied electric field, the electric dis-

These modes are distinguished from each other by the tenplacementD can be expanded as the power serie€ads
perature dependence of their relaxation times and are aP==,_,e,E". When the applied field is a sinusoidal one
signed to the following three modes, respectively: the ferrowith the amplitudeE, and the angular frequenay much
electric soft mode, the molecular rotation around its shorlower than the relaxation angular frequen€y,is expressed
axis, and the field induced Goldstone mode under a dc biaas a sum of the fundamental and higher-order harmonic com-
electric field. The Goldstone mode is dielectric inactive inponentsD,, (n=1,2,...,) as[17,2]]
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We can obtain thenth-order nonlinear dielectric constant - 10 ke

ey, by fitting the measure®, to Eq. (1) taking into account < s

the lowest-order terms with=0 and 1. @
The applied electric field was generated from the synthe-

sizer HP3325A(Hewlett-Packaril in the frequency range ok . . | .

from 20 Hz to 300 kHz. The electric displacement de- (b) 2

tected by the charge amplifier was digitized and averaged on o

the storage oscilloscope DL31@@okogawa with a 12-bit

resolution. The AFLC used in this study isR)-4-(1-

trifluoromethyl-heptyloxycarbonyl phenyl 4 -octyloxy-

biphenyl-4-carboxylaté TFMHPOBGQ which has a chemical

structure similar to MHPOBC, but a phase sequence

(Isotropic-SmA—Sm-<Cj -Crysta) simpler than other AFLCs 0e - ™ L = =

[22]. The AFLC sample was sandwiched between two glass (©) Temperature (°C)

plates with indium-tin-oxid€ITO) electrodes separated by a

film spacer. The sample surfaces were spin coated with poly-

&,(10#Fm/V?)

imide and rubbed unidirectionally to attain a homogeneous 15+
alignment of liquid crystals. The cell gap was about2® -
which was determined by measuring the capacitance of an L ol
empty cell. @

Ill. RESULTS AND DISCUSSION ) )

0.5
The temperature dependences of the linear and third-order &, (10*Fm/V2)"4
nonlinear dielectric constants;, 3 at 5 kHz in the SmA
and the SnEx phases are shown in Figs(al and 1b), FIG. 1. The temperature dependencesapthe linear dielectric

respectively. Heres, is the vacuum permittivity. The linear constants; and(b) the third-order nonlinear dielectric constant
constante clearly shows a critical behavior near the Sm-at 5 kHz in the SmA and SmE} phases of R)-TFMHPOBC. (c)
A-SmC% phase transition temperature. This is due to thelhe relation between; and the linear dielectric constast in the
softening of the ferroelectric soft mode, which arises fromSM# phase.
the fluctuation of directors in the tilt angle direction. The S
critical behavior ofz; in the SmC} phase is not so sharp for e3 are shown as solid lines in Figsial and 1b), respec-
compared with those reported by other authdrs,13 and  tively. The linear relationship between ande3™ [21] is
thus this transition is not to be clearly assigned to the firstalso confirmed in Fig. (£). The good agreement between
order one. As the temperature decreases below the transitié¥periment and theory implies the applicability of the
temperatureg; approaches to a constant value nearly equalandau-type phenomenological theory to the critical behav-
to £, in the SmA phase at the higher temperature. ior in the SmA phase near the SW—Sm<Cj} phase transi-
The third-order nonlinear dielectric constantis positive  tion. The positive sign of; in the SmA phase indicates that
both in the SmA and SmC% phases. In the Sr-phase, the the ferroelectric order parameter of TFMHPOBC shows the
temperature dependence @f shows a critical behavior in a first-order transition. It has been actually reported that the
similar way toe, . The critical behaviors of; andes in this ~ SM-C* phase appears between the 8rand SmE} phases
phase can be analyzed by the Landau-type phenomenologidél the racemized sample of TFMHPOBC and the Sm-
theory [23] with only a ferroelectric order parametg24] A-SmL* phase transition is the first-order of4].
even for the STA—SmC} phase transition. In previous pa- The contribution of the ferroelectric soft modedgin the
pers[21], we studied theoretically the critical behaviors of Sm-C4 phase should decrease sharply on cooling in accor-
g, andeg in the SmA phase near the S—Sm-C* phase dance with the temperature dependence qof The remain-
transition and the agreement with experiment was satisfadng positive large value of; in the SmC} phase is not
tory. It is found in the present study that consists of two explainable by the contribution of the soft mode. Instead, we
terms: a temperature-independent term and a term exhibitingan consider the deformation of the helical structure due to
a critical temperature dependence with an exponent of unityhe applied electric field as an origin of the dielectric nonlin-
(conventional Curie-Weiss—type behayidue to a coupling earity in the SmE; phase. In this case, there are two pos-
between the tilt angle and the polarization. The third-ordessible mechanisms for the induced polarization: one is the
constante ; also shows a critical behavior with an exponentreorientation of spontaneous polarization not fully cancelled
of four and its sign is dependent on the order of the phasand the other is the change of dielectric constant due to the
transition, i.e.,e3<<0 for the second-order transition and deformation. In the former case, the nonlinear dielectric
£3>0 for the first-order on§21]. The best-fitted theoretical spectra would exhibit a Debye-type relaxation extended to
curves with a critical exponent of one fef and that of four  the higher order and with a negative sid®,20. However,
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the sign ofe; experimentally obtained is positive and the valueseq, €,, andej, starting from the local frame which

profile of the observed spectrum also differs from the theofirst coincides with the laboratory frame,f/,z). The tensor

retically calculated one as is shown later. We will then dis-is rotated by the tilt angl® around they axis and further

cuss the latter case, i.e., the change of bulk dielectric conrotated by the azimuthal angie around thez axis. The local

_stant due to_the deformation of helix under the electric fieldyje|ectric tensor in the Sr&% phase can be replaced by the

in the following. _ _ _ tensor averaged in the successive two layers with the same
Thf main cpntrlbutlop to the dielectric response 'E thetiIt angle @ and the azimuthal angles approximately given by

SmCjx phasg is a coupllng between the dielectric ter}sor and ¢+ 7, respectively. We can finally obtain the macro-

and the applied electric fiel&, because the macroscopic ﬁgopic(bulk) dielectric tensor in the SrB% phase by spa-

spontaneous polarization disappears in this phase due to t'uaII averaging the two-layer local tensor over one helical
orientation of constituent molecules. The local dielectric ten—2"Y ging y

sor is obtained by rotating twice the tensor with the principlepitCh I as[23]

3{(e1+ey) +(e3—&4)siP 6} 0 0
£= 0 3{(e1+ey) +(e3—&4)sinP 6} 0
0 0 £,SIf 0+ e300

(cos2p)  (sin2¢) O

+1{(e1—eg)+ (ea—ey)siPe}| (SN2P) —(cos2p) 0 @
0 0 0

where() denotes a spatial average taken along the layer nofrom solution(4), the average valuegos 2p) and(sin2¢)
mal direction(the z axis) over one helical pitch. When the are calculated as
electric field is absent, the average valugos2p) and

. . . . . 2 2
(sin2¢) vanish and the dielectric tensor given by E®) B Eo|” i2-2rat
becomes uniaxial. When the electric field is applied, the spa- (cos2p)=— 20 Aox| | €550, ®)
tial distribution of the helical structure is deformed by the
coupling between the dielectric anisotropy [=(e1—¢5) (sin2¢)=0. (6)

+ (e3—&4)sirfg] and the electric field in a quite similar way
to the cholesteric liquid crystal under the electric fig28].  The dielectric tensor in the S} phase under the electric

The spatial distribution of the azimuthal anghealong the  field is written as a biaxial form with no off-diagonal ele-
z axis under the ac electric field= Eycoswt with the ampli-  ments. They component of induced polarizatioR, is cal-
tudeE, and the angular frequeney can be expressed by the cylated from Egs. (20 and (5) and the relation
following torque balance equation derived from the free enp:on‘,3 (E)dE with dE=dE,coswt. The linear, second-

; ; i ; 0 °yy 0 : J ’

ergy density with the electric field applied parallel to the and third-order nonlinear dielectric constant&, (n=1, 2,

axis: S
and 3, are calculated from the definitione}

26 ab 1 | =lime, ol (Ph)/(E) 12" * as
K?_YWJFE A8E23|n2¢20, (3
e1=3{(e1+ &) +(e3—&1)sirP}, (7)
whereK is the effective elastic constant andis the rota- -0 ®)
tional viscosity. The solution of E¢3) under a weak electric g2=%
field is obtained as a perturbational form up to the orﬁér (Ae)? 1 As
with reference to the field-free staik=qoz=2wz/| as &% 3 (9)

C48KQE l+iwr ltiwrs’
2

e (27209tgin(202), (4)  whereP?,, P3,, andP3; are the complex amplitudes of the
fundamental, the second-order, and the third-order harmonic
components of the electric displacement, which are propor-
tional to Ey, E2, andE3, respectively.
Ae Ae y _ The Iin_ear (_jielectric constagt _has no freque_ncy disper-
App= Ay ——— ' Ap=———s, T= . sion and is written as a combination of three principle values

8Kgp(1+iwT) 4Kag 2Kdp of dielectric tensor and the tilt angle. The second-order non-

Eo

2
¢=0qpz+ > Azzr(
=0 2

where
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log,, [f(Hz)] Aes and (b) the relaxation timery of the third-order nonlinear

dielectric constant} in the SmC} phase of R)-TFMHPOBC.
FIG. 2. (@) The frequency dependences of the linear dielectric
constants and (b) the third-order nonlinear dielectric constant o . . .
&% in the SmC?% phase of R)-TFMHPOBC at 85 °C. ear (.:OHd'UCtIVIty ywth the adqutable parameigr The solid
line in Fig. 2b) is the best-fitted curve of Eq10) to the
measured spectrum. We can conclude that the main origin of
€3 in the SmE} phase is the field-induced biaxiality due to

linear dielectric constant, vanishes due to the symmetry. : ; :
The third-order nonlinear constast shows a single relax- the deformation of helical structure through the coupling be-
tween the dielectric anisotropy and the electric field.

a_\tion of Debye type which r_eflegts the _fluctL_Jf_;ltion .Of the he- The temperature dependencesiof; and 5 are plotted
lical structure and its rglaxauon time is |dent.|f|ed with th*at in Figs. 3a) and 3b), respectively. The paramete; is

of the (antiferroelectri¢ Goldstone mode in the SBX  apout 0.95 except in the vicinity of the transition temperature
phase. The sign of the incremeht ; is positive in contrast and thus the relaxation can be regarded as almost a single
to the negative sign of\e; in the SmC* phase and in  one. The temperature dependenceef; is quite similar to
agreement with the observed sign/o. In the case of the that of the linear spectrum for the Goldstone mode in the
Sm-C* phase,c} arises mainly from the saturation of the Sm-C* phase[19]. The obtained value ofAe; is much
spontaneous polarization due to the electric field and its magsmaller than in the case of the ferroelectric liquid crystals
nitude is much larger than that in the SBif- phase. The [19,20 whereAes is proportional to the fourth power of the
nonlinear spectrume¥ due to spontaneous polarization SPontaneous polarization. Howevehes in the SmCy
shows an extended form of Debye-type relaxation as showRhase is still large compared to those for ferroelectric or

in previous studie$19]. To confirm the theoretical predic- P°lar polymerg17,18. By assuming, as the material param-

: : - : ters, the likely valueK;=1x10 N, §=10°,1=1 um
tion, we experimentally investigated the frequency spectra of ‘€IS, o 3 P !
e* (=s,—ie") ands® (=s,—isl) in the SmCY phase at and Ae/eg=2, we have a rough estimation dfe; as 5.3

A i X 1024 Fm/V?2, which is in agreement with the experimen-
85°C. The results are shown in Fig¢apand 2b), respec- tally obtained value in the order of magnitude. The value of

tively. It is found that the linear constant takes almost a 75 increases monotonously in a sub ms range and is almost
constant value except in the low frequency region where thene same order as the relaxation time of the Goldstone mode
electrode polarization and the sample conductivity are domim the Smc* phase. The relaxation frequency of the Gold-
nant, and there are two small relaxat|0ns. at about 100 kHztone mode of MHPOBC in the S@y% phase measured by
and above 1 MHz. In contrast, the nonlinear const@fit the photon-correlation method was a few hundred kHz
clearly shows a single relaxation of Debye-type around ¥15 16, much higher than that obtained in the present study.
kHz, but no relaxation i} is observed corresponding to |t is also reported that the nonlinear electro-optic response
this nonlinear relaxation spectrum. The obtained spectrum ofhows the Debye-type relaxation in the - phase of
g3 can be fitted to the Debye-type relaxation with the pa-MHPOBC with a relaxation frequency different from the
rameterS; expressing the distribution of relaxation times asphoton-correlation measuremdi®]. This discrepancy may

be ascribed partly to the differences in the sample alignment,

. Agj 03 but the reason is still obscure at present.
e3(w)= . nt = , (10
1+(iwm3)P3  (iw)?3

IV. CONCLUSION

whereAes, 75, andog are the third-order nonlinear dielec-  We have applied the nonlinear dielectric relaxation spec-
tric increment, the relaxation time, and the apparent nonlintroscopy to the S and SmE} phases of the antiferroelec-
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tric liquid crystal TFMHPOBC. In the Sré phase, the criti- this fluctuation can be indirectly detected in the nonlinear
cal behaviors ok, ande; are observed and well explained response through the deformation of helical structure due to
by the phenomenological theory of Landau type. In the Smthe electric field. This type of nonlinear response shows a
Cix phase, we can detect by measuris§y the Goldstone further possibility of the nonlinear dielectric relaxation spec-
mode which is not to be observed by the linear dielectrictroscopy.

spectroscopy without a dc bias electric field. In other words

the nonhnelar reIaxauon in the.present case is d|fferen§ from ACKNOWLEDGMENT

those studied before in that it has no counterparts in the
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