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APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 14 6 APRIL 1998

The investigation of the relaxation processes in antiferroelectric liquid
crystals by electro-optic spectroscopy

Yu. P. Panarin, O. Kalinovskaya, and J. K. Vij?
Department of Electronic Engineering, Trinity College, University of Dublin, Dublin 2, Ireland

(Received 25 August 1997; accepted for publication 6 February)1998

Electrooptic spectroscopy of an antiferroelectric liquid crystal is carried out over a range of
frequencies from 1 Hz to 100 kHz. In the antiferroelectric SnpBase two relaxation processes are
found, one at the fundamental frequency of a mode and the second at twice the frequency of a
different mode. A comparison of the results of the electro-optic spectroscopy with a theoretical
study of the motion of the director of an antiferroelectric helix subject to a weak alternating field
enables a determination of the origin of the relaxation processes in antiferroelectric phases.
© 1998 American Institute of Physids$0003-695(98)01114-(

Antiferroelectric liquid crystal{AFLC) are prospective are denoted as Processes 0,1,2,3 with increasing of the relax-
materials for the flat panel displdy$or the reason that at ation frequency. The lower frequency procességrocess 0
least one additional stable state can be added to the bistald@d Process)lare found to exiStonly in the two antiferro-
switching discovered by Clark and Lagenfaih FLCs. A electric phases SmGand AF phases. The frequency of Pro-
determination of the origin of the collective modes will allow cess 0 is~2.5 kHz, whereas that of Process 1 lies between
for a further improvement in these materials to occur Wlthlo and 70 kHz depending on the temperaﬁjm”ce it can
regard to their switching speeds and hence increase their usgn|y pe concluded that these processes are specifically re-
fulness for displays and electro-optic devices. A study of thaieq 1o the common characteristics of antiferroelectric
relaxation RTOCESSes has been made using dielectriG,aqes: however the origin of these processes is still to be
spectroscopy,® electro-optics, and photon correlation explained. Four possible physical mechanisms, some of these

7 . .
spectroscopy. Nevertheless, the problem of finding the already suggestéeP for the collective molecular reorienta-

mechanisms governing the various relaxation processes Ir . . . .
g 9 P ¥bns in the antiferroelectric phase, are schematically pre-

the antiferroelectric phase has not yet been solved and the L
. : ) . . sented in Fig. 1:

aim of this letter is to unambiguously establish these mecha-"". - . :

nisms using electrooptic spectroscopy of a AFLC. Though . (i) A deviation from the ant|ferro.elec'gr|c order by .the

the nature of the relaxation process in Sgbase has some- azimuthal anglee, such thate changing in the opposite

what been speculated in earlier experimental publicaticns §ensé in the adjacent layergFig. 1(a)]. The mode concern-

and theoretical work&? nevertheless no clear evidence is N9 the fluctuation inp of the type shown in Fig. @ in the
given and theoretical investigations are divorced from theantiferroelectric phase was called antiferroelectric Goldstone

experiments. In this letter, the mechanism of the collectivé™0de by Hiraokeet al* However, rotations of the directors
processes is found on comparing the results of the dielectrit? the opposite directions is termed as “the antiphase mo-
and electro-optic spectroscopy with those from the theoretition” by Buivydas et al* The terminology “antiphase mo-
cal investigations. tion” or the distortion of the antiferroelectric order caused
We investigated the dynamics of an AFLC in the 2. by the antiphase motion is more appropriate for the reason
The sample used in experiments was AS-§FBIll, UK)  that it depicts the mechanism more clearly. The antiferro-
with the phase transition sequence being as follbws: electric Goldstone mode in our view be reserved for another

relaxation proces$Fig. 1(c)], the mechanism of which is

SmG, 78°C SmG 81°C AF 83°C FiLC 90°C similar to that of a ferroelectric Goldstone mode.

SmC* 93°C SmA 106 °C Is.

The cell is placed between the crossed polarizers. For the &
electro-optic spectroscopy, the signal from the photo diode is
fed to a lock-in amplifier with a facility of the latter being
locked,to both the fundamental and the second-harmonic fre-
guency of the signal applied across the sample.

The relaxation processes observed in the gmpBase
have been found in the previous pap&f$The dielectric .
spectra in the frequency range from 10 Hz to 1 GHz show & ‘ , ,
the existence of two collective relaxation processes and two @ ® © @

molecular relaxation processes in the Sppbase and these

FIG. 1. Four different physical mechanisms for the molecular rearrange-
ments in the antiferroelectric Sm@hase under the applied voltade, is

3 Author for correspondence. spontaneous polarization vect@,being theC director.
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P§2,,_\ X However, in the literature no direct evidence for the mecha-

~ nism is given before. Note that among the four proposed
mechanisms for the collective relaxation processes, the first
three[Fig. 1(@—1(c)] can be shown to be dielectrically ac-

Y tive. The first two[Figs. 1(a), 1(b)] are also electrooptically
active at the fundamental frequency and the forth mechanism
is electrooptically active at twice the frequenecond har-

FIG. 2. Schematic presentation of the arrangement of Ghelirectors ~ MONIQ) of mode shown in Fig. (). Therefore a comparison

(C1,C2) local spontaneous polarizatiorP,Ps;) of two neighboring  Of the results of the dielectric spectroscopy with electrooptics

smectic layers in helical antiferroelectric phase with respect to the laboraggn clarify the origin of the two collective relaxation pro-

tory frame of reference. . . . .

cesses in SmCphase seen in the dielectric spectra.
On assuming the existence of the antiferroelectric polar-
(ii) Fluctuations in the tilt anglé€6) or the antiferroelec- jzation 5P, the equation for the director motion in the anti-

tric soft mode as depicted in Fig(K). ferroelectric phase can be written as follows:
(iii) Helical Goldstone mode due to the existence of
“antiferroelectric” polarization 6P [as shown in Fig. (c) de P
and also see Fig.J2The explanation for the existence of the ¥ gp ~ K 572 T 9P Eo coswt-cose
antiferroelectric polarization is given later, and
(iv) A disturbance of antiferroelectric helix due to the +A€e*Ej co wt sin 2p, 1)

. . . 2 .
dielectric anisotropyA €E”, Fig. 1(d). wherey= y,sir? 6, K=K sir? 6, Ae* = Ae sir? 6/8m, v, is

Origin of Process 0:The C directors in the adjacent . g ; . : ; .
: . rotational viscosityK , is elastic constan®) is molecular tilt
smectic layers are not completely antiparallel to each other 4

even in the antiferroelectric phas&shis will give rise to the angle, ¢ is the azimuthal angleje is the dielectric anisot-
s . L : ropy. On using the formula cassin ¢=sin(2¢)/2, Eq. (1)
antiferroelectric spontaneous polarizatiodP as shown in can be written in complex form as

Fig. 1(c). This is found to be almost parallel to tii&direc- P

tors (Fig. 2. The magnitude of such an “antiferroelectric dg P _
polarization” P is estimated as follows: Taking into ac- 04 E:K EZ+ SPEqye ! cog o)

count the typical value of the helical piteh2000 A and the

smectic layer thickness 40 A, a calculation shows that the

angle between the spontaneous polarization vectors in the + 2

two adjacent smectic layers is176°—177° and the magni-

tude of 6P is approximately 3% of the spontaneous polariza-On assumingg, to be sufficiently small, and on applying the

tion P5. Such an “antiferroelectric polarization” will spiral standard perturbation technique, let the solution be of the

along the helical axis as does the polarization in a ferroeledfollowing form:

tric phase. Hence we can expect the dielectric relaxation pro-

cess to arise from the distortion of the antiferroelectric helix

similar to that of a ferroelectric helical Goldstone mode. X (f 001290 f o), (3)
Origin of Process 1The relaxation frequency of Process

1 is higher than that of Process 0. The mechanism can eith&herefi; andfy, fy, are the coefficients of Fourier series

be the antiphase motion of the type shown in Fig) br soft ~ proportional toE, and E3. On substituting Eq(3) into Eq.

mode[Fig. 1(b)] Hiraokaet al* suggested “antiferroelectric- (2), we find the coefficients;;, f,,, andfy:

like” Goldstone mode for this type of motion, a misleading .2

terminology as mentioned before. In certain investigations of _ SPEo 1 f :AE Eo 1

the samples having a direct S;ESMA transition, this pro- UKe? (jory+1)' T 8Ko® (jort+1)’

cess was also assigrédo the soft mode for the reason that .2

it followed a typical behavior for this mode close to the _AE Eo

transition temperature, i.e., relaxation frequency increased 2° 8Kg? '’

with temperature on either side of the transition temperature.

Nevertheless, 20 °C below this temperature, the reIaxatioWhere

frequency was found to dgcrease with _decreasing tempera- m=vIKQ?, 7= yI2Kg?. (5)

ture. Although a decrease in the relaxation frequency can be

explained with an increase in the rotational viscosity by de-  Figure 3 shows the dependence of the amplitude part and

creasing temperature, nevertheless an unusual dependencelod phase part of the electro-optic response at the same fre-

Ae such as that observgHas got no proper explanation, i.e., quency as the applied signal for a homogeneously aligned

Ae decreasing instead of increasing close to the transitiogell. The relaxation frequency is found to be20—30 kHz

temperature. Therefore we rule out the “antiferroelectric softand is almost of the same magnitude as for the dielectric

mode” as a possible physical mechanism for the Process Ielaxation Process 1. Therefore we can unambiguously as-

The relaxation Process 1 is therefore tentatively assigned tsign this relaxation process in the antiferroelectric phase to

the distortion of the antiferroelectric ordecaused by the the distortion of antiferroelectric order by the electric field

antiphase motiorfFig. 1(@)]. The mechanism will later be caused by a change of ang}earising from the type of mo-

confirmed through electro-optic spectroscopic investigationsion shown in Fig. 1a). This may also be called “antiphase
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E3(el2“'+ 1)sin(2¢). 2

o(z,t)=qz+f(z,t)=qz+cogqz)f ;e +sin(2q2)
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FIG. 3. Frequency dependence of intensity &énd the phase paf®) of the
linear response for a well homogeneously-alignedu2® cell at 75 °C.

Goldstone mode.” We rule out the assignment due to thgp)

soft mode[Fig. 1(b)] due to the reasons already given in the
previous section.
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due to the dielectric anisotropy. The relaxation frequency for
this response being approximately two times that for Process
0 in the dielectric spectra is in a good agreement with theo-
retical predictiongsee Eq(5)]. It may be reemphasized that
the helical distortion is caused by two mechanisms: polar
interactionsSP.E [Fig. 1(c)] and the interactions due to the
dielectric anisotropyA e.E? [Fig. 1(d)]. The latter cannot be
detected dielectrically but is clearly observed in the absence
of bias voltage in the electro-optic response at the second
harmonic frequency of the applied field for Process O.
We summarize the findings as follows:

(1) The higher frequency relaxation procggsocess Lis

due to the distortion of the antiferroelectric order caused
by the antiphase motion shown in Figal This may
also be called the antiphase antiferroelectric Goldstone
mode. It is also observed in the electro-optic response at
the fundamental frequency.

The lower frequency relaxation proce@rocess Pin

the dielectric relaxation spectra is the helical distortion
mode. Antiferroelectric Goldstone mode is suggested to

Figure 4 presents the dependence of the amplitude and
the phase part of the second-harmonic electro-optic response
at twice the frequency of the signal for an unaligned cell. The
relaxation frequency for this process is found+® kHz,
which is two times the frequency of Process 0 in the dielec-
tric spectra. As mentioned before, the relaxation Process 0 is

be the appropriate terminology as its mechanism is simi-
lar to that of a helical Goldstone mode. The distortion of
the helix caused by the dielectric anisotropy gives rise to
an electro-optic response at twice the frequency of the
applied field for this process. The reasons for having
different frequencies for Process 0 using different tech-

found to exist in the dielectric spectra without bias voltage
or only under the bias voltadeThe nonlinear electro-optic
response appears to be caused by the distortion of the he
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FIG. 4. Frequency dependence of the intensity dnd the phasé®) at
twice the frequency of the applied signal for an unaligned.20 cell at
75 °C.
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nigues are provided by solving a equation that governs
the motion of the director of an antiferroelectric helix

lix subject to a weak alternating field.
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