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Field-induced phase transitions in an antiferroelectric liquid crystal using the pyroelectric effect
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The antiferroelectric liquid crystalAFLC) under investigation possesses different helical polar phases.
Measurements of pyroelectric response of these phases as a function of temperature and bias field have
elucidated the ability of this method for investigating the nature of antiferroelectric phases and phase transi-
tions under the bias field. The pyroelectric signal as a function of the bias field at fixed temperatures and as a
function of temperature for fixed bias fields was measured for different phases of the investigated AFLC
material. A theoretical model describing the pyroelectric response in different phases of AFLC is given, and
the experimental results are interpreted. The threshold fields for field induced phase transitions are determined.
The type of field induced phase transition from the AF phase in particular is found to be dependent on the
temperature within its range. The properties of an unusual ferrielectric phase existing between ferrielectric
chiral smectic€ (SmC*) and antiferroelectric AF phases are studied in a great detail. The results confirm that
this phase is one of the incommensurate phases, predicted by the axial next-nearest neighbor Ising model and
Landau model for this temperature region.

PACS numbes): 42.70.Df, 61.30-v, 64.70.Md

[. INTRODUCTION ferroelectric and ferroelectric interactions in adjacent smectic
layers. This competition produces different periodid (

Antiferroelectric liquid crystal§AFLC’s) exhibit several +F) sequences of antiferroelecttid) and ferroelectriqF)
chiral phases between paraelectric smeéti(SmA*) and  orderings among the smectic layers. Several different theo-
antiferroelectric smecticC, (SmC%). These phases were retical approaches have been advanced for explaining a va-
tentatively designated as ), SC%, and SnC* in or- riety of the ferrielectric phases, and these postulates are

1 1 'y
der of decreasing temperatufd]. Among these phases based mostly at the expanded Landau m8el7] or on the

: -dimensional Ising mod@8] and the axial next-nearest-
SnC* seems to be more complicated than the other phaseg!f]fa .
Finally, this series of phases was added by the discovery of r&]le|ghbor ISINg(ANNNI) model[9-12]. Recently, the short

number of additional ferrielectric and antiferroelectric pitch modes model13] was presented, which describes an-

phases. The existence of some of the ferrielectric phases Egerroelectrlc and ferrielectric phases as structures with cer-

. . . , ain ‘families’ of modulation modes.
very sensitive to the optical purity of the AFLC’s. It was We take the ANNNI model, advanced for the antiferro-

._electric and ferrielectric phases in an electric figl@], as
. ; : ¥he basis for explaining a variety of different phase transi-
[2]. The Sn€}; phase is usually considered to be the same a§ons observed in our pyroelectric experiments. The Hamil-

the ferroelectric chiral smecti€ (SmC*). But some re-  (gnjan of the system with the third-nearest-neighbor interac-
searchers believe that the Sih phase in optically pure tion in the electric fielcE is given by

samples should be considered as ferrielectric and not ferro-

electric. It was also confirmed that a decrease in the optical A A

purity causes the phase transition Spnto Srrp* phase[3]._ _ H= _JZ Sisj_‘le Sisi+l_J22 SiSis2

X-ray resonant technique employed on a thiobenzoate liquid- (0.7 [ [

crystal compound has recently shoj| the existence of A

four phases with different superlattice periodicities. These _ - _

phases are S8f , SnCE,,, and SnC,,, with two-, three-, Jszi SiSi+s EZ Siv @

and four-layer superlattices, respectively, andC3m with a

periodicity incommensurate with the layer spacing. In thewhere the molecular state is expressed in terms of the Ising

SmC?* phase an incommensurate periodicity was shown tepin (s;=+1), designating the direction of the molecular

lie roughly between from eight and five layers with decreastilt, J, J;, J,, andJ; the interaction parameters, the first

ing temperature. summation is taken over the nearest-neighbor pairs of mol-

The appearance of antiferroelectric and ferrielectricecules in the same smectic layer and the second, third, and

phases in the tilted chiral smectic liquid crystals can be unfourth ones are over those between the first-, second-, and

derstood to be a result of the competition between the antithird-nearest-neighbor layers, respectively. The supersaript
denotes the axial direction. An essential and characteristic
point of this model is the negative value for the energy
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In mean field theory, the thermodynamical potential is
obtained as

2
-5 07 =310i01 11— 320101, = 300 3

_EO'|+ ;{(l"‘ Ul)ln(1+ 0'|)+(1_0'|)|n(1_0'|)} y

)

where the order parametet is the thermal average of, p
denotes the period of the ordered structurg.(,= o), T the
absolute temperaturé unit system was chosen with the
Boltzmann constant equal to unityand z the coordination
number in the layer. The equilibrium conditions

—Jzoi—J1(0i 1t 0i11)— o0 2t i1 2)

E+T| 1+U’i
21—,

0

—J3(oi_3t0i13)

(i=1,2,...p), (3

derived by minimizing Eq(2) with respect tar; , are solved
numerically to obtain the phase diagram of the system in th
electric field (Fig. 1 from Ref.[12]). In some cases, the

jumps of the order parameters at the transition points fromy, o\

the modulated phases to the uniform one are small. In ord

rametero; is o;=oy+U;, whereo, the value ofo; at the
uniform phase, is determined from the equilibrium condition

T 1+ Op
(_JZ—231_2J2_2J3)0'0—E+ §|n1_00=0. (4)
Then the thermodynamical potential is expressed as
1 2 3
P=P(a9) + 5 2 Folu(@)|*+O(u), (5)

in which u(q) denotes the Fourier transforms of the devia-
tion u;, andF is given by

F Jz+

q— 2

1_0'0

—2(J, cos 2rq+J, cos dmrq+Jzcos6mq).  (6)

Instability of the uniform phase with respect to periodic per-
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FIG. 1. Phase diagram ok vs J; plane for normalizedT
=6.0. Two subphases are indicated by their wave numbers. The
solid lines show the coexisting curves, and the broken line shows
the instability curve given by ,=0.

Ji sin2wq+2J, sin 47q+ 3J5 sin 6rq=0. @)

This model predicts all the main phases observed in AFLC's,
SmC* (q=0), SnCj (q=3), SnC} (q=3), and AF(q
=1). qis the reciprocal of the layer perigdumber of layers

in a periodic structune In addition to the existence of main
hases, it also predicts a series of incommensurate subphases
esignated by the wave numbés, 4, 2, =, and15; two of

¢ and 3, with the largest regions of existence, are

them, ¢
in Fig. 1. The phase diagram was calculated for a

Hormali =6.0; th
to study the instability of the uniform phase, the order pa- ormalized temperatur&=6.0; the energy parameters are

scaled in the unifJ,|, and valueslz=6 andJ;=0.3 are
utilized. The broken curve shows the instability line of the
uniform phase S@*.

We use a method developed earljig#] for pyroelectric
measurements of FLC's and AFLC’s under the action of
external electric field. The pyroelectric signal as a function of
bias field at fixed temperatures and as a function of tempera-
ture at fixed bias fields was obtained for different phases of
the AFLC material. Dielectric measurements and macro-
scopic polarization observations were also carried out to
complement the pyroelectric results. We also present a the-
oretical model for the origin of the pyroelectric effect in
different phases of AFLC'’s for explaining the experimental
results.

Il. EXPERIMENT

The AFLC material used in our experiments was
synthesized in Hull is(R)-(-)-1-methylheptyl 4&4’-dode-
cyloxybiphenyl-4-ylcarbonylox)y3-fluorobenzoate, with ac-
ronym 120F1M7. The molecular structure is given as

F
®) - C,H,0 COO*@COO&H(CHQQHH

turbation occurs when the minimum eigenvalue vanishesThe following phase transition sequence for this material has

that is, Fq=0, where the corresponding wave numiogis
determined from

been found under cooling, using conoscopy and the sponta-
neous polarization measuremefi$,16|
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SmCj (78°C) SmMC* (81°C) AF (83°C) FILC (90°C) SmC* (93°C) SmMA*(106°C Isotropic.

Here AF denotes the antiferroelectric phase, with a structuref the sample. Here is a spatial coordinate vector, ahds
different than the S@, phase. This phase corresponds totime. The electric displacement, along the bias electric field
the layer structure of S@¥,, given by Machet al.[4]. The  direction, i.e., theX axis, is given byD(r,t)=eoe(r,t)Eqc
ferrielectric liquid crystal(FiLC) phase exists over a wide +P(r,t); £,=8.85<10"F/m is the permittivity of free
range of temperatures with characteristics different fromspaceg(r,t) is the relative permittivity of the liquid crystal,
those of the SIB* phase. In our previous papgt7], we  Egclis the bias electric field, anB(r,t) is a projection of the
reported that in the optically pure samples of this materialspontaneous polarization of the liquid crystal on ¥axis.
the Snﬁz phase can exist in the temperature range fromVe assume that all quantities vary only in the direction of
94.4°C to 93 °C. the helix axis(i.e., theZ axis) and are constant in botkand

A cell of 15-um sample thickness, used for dielectric and Y axes. The current densifyz,t), at locationz and timet, is
pyroelectric measurements, consisted of two glass plategiven by the derivative of the electric displacemér(z,t)
with a indium tin oxide(ITO) layers as electrodes and the ont. The total pyroelectric currerd(t) is proportional to the
Mylar thin-film stripes as spacers. The dimensions of thevalue of the current densit)(z,t), averaged over the helical
working area of the electrodes was #.8.5 mnt. Polyimide  pitch Z, and the area of the sample electrdie
films (Nissan Chemical Industry, RN-126@/ere coated on -
the ITO electrodes, cured for a duration of 1 h at a tempera- It)= é JZ dD(z,t) , (8 EE N f) ®)
ture of 250°C, and then rubbed in one direction using a z ot Odt —9¢" dt )’
velvet track to achieve the alignment. The cell was heated

and filled with the antiferroelectric compound in the isotro- wheres and P denote averaged values of permittivity and
pic phase, and cooled slowly to the 8mphase. polarization over the coordinate. The time dependence of
For investigating the macroscopic polarization in differentthe relative permittivity and polarization is caused by the

phases of the AFLC material, we used the pyroelectrigime dependence of the temperature. Therefore, we can re-
method given in Ref[14]. The temperature measurementsyrite Eq. (8) in another form:

were carried out during continuous cooling at a rate of

0.1 °C/min. The dependencies of the pyroelectric response on ds dP\ dT

the bias field were measured at stabilized temperatures at the J(t)=A( EogT Egct d—ga

rate of voltage increase of 0.3 V/min. Dielectric measure-

ments at a frequency of 1 kHz with application of bias field de dT aT

were made using an HP-4192A impedance analyzer. :A(Soﬁ Bact | g7 =AYt €)

lll. THEORETICAL MA?:?ELP(J; PEYROELECTR'CS IN vt denotes the sum of the intrinsic pyroelectric coefficient
c SES v=dP/dT due to the spontaneous polarization and the con-

Pyr0e|ectricity is a fundamental property of ma‘[eria|stributi0n induced by the external electric field. The pyroelec-
which have a spontaneous polarization, such as ferroeledtic voltageV,,, measured by a lock-in amplifier at the fre-
trics, ferrielectrics, and antiferroelectrics, and is due to gluency of light modulatio{125 H2 is proportional to the
change in the spontaneous polarization with temperaturdlyroelectric current, and hence to the pyroelectric coefficient
Glasset al. [18] were the first to use the Chynoweth tech- Y7-
nique [19] for investigating the pyroelectric properties of  In aone-dimensional Ising modg8], phases of an AFLC
ferroelectric liquid crystals. This technique involves the dy-are specified by the irreducible rational parametpr
namic heating of a sample with a chopped laser beam, ang F/(F+A)=m/n, which means the fraction of ferroelec-
the detection of the pyroelectric signal using a lock-in am-tric orderings(F) in the periodic structureR+A), wherem
plifier. Beresnev and Blinoy20] used a pulsed Nd-glass andn are integer numbers. The phases which have either
laser for measuring the temperature dependence of the spoPkn even possess zero spontaneous polarization, and are con-
taneous polarization, for the electric field dependence of théidered as antiferroelectric phases. In the ferrielectric phases

pyroelectric coefficient, and for observing the phase transiboth m andn are odd, and the spontaneous polarization is
tions. equal toPg/n, where Pg is a spontaneous polarization of

In our pyroelectric experiments, the AFLC cell is irradi- ferroelectric S/@* phase. Therefore, in terms of this model
ated by white light from a halogen lamp whose intensity isfor a zero external field we can represent the spontaneous
modulated at a frequency of 125 Hz with a chopper. Lightpolarization of theith phase a®;=r;Pgs, wherer; is a co-
absorption by the ITO electrodes and in turn by the AFLC's,efficient depending on the phase structure. In antiferroelec-
leads to the modulation of the sample temperature at th#fic phasesr;=0, in the ferroelectric S@* phaser;=1
same frequency. (=1/n,n=1), and in ferrielectric phases with the parameters

The pyroelectric signal generation may be described irgr=m/n, r;=1/n. The wave numbegq, which is used for
terms of the time-dependent electric displacemblt,t) phase characterization in the ANNNI model, is relatedto
which arises from the modulation of the temperattU(e,t) in Refs.[1], [8] by q=(1—q7)/2.
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We represent the spontaneous polarization of itte The pyroelectric coefficient increases with the bias field

phase with an external field,. asP;=r;(E4o) Ps, where the until a critical electric field is reached when the pitch of the
phenomenological coefficiem{(Ey) describes a phase with helix goes to infinity and the structure of the phase is un-
an external fieldEy.. The macroscopic polarization in the wound. For bias fields greater than the threshold for a com-
sample is evaluated by summing the projections of dipolelete helical unwindinggos¢ is constant and is equal to its
moments from all smectic layers over a period of the helix:maximal value of 1; the temperature derivativeafs¢ is
equal to zero. The first term in E¢L2) also has a minimal
— 1z value for such fields, if the temperature is not too close to the
P(T’Edc)zifo Pi cos$(2)dz=ri(Eqc) PsCOS¢, SmA* —SmC* phase transition, and can be neglected in
(100  comparison to the second term. In this case #8@) can be
simplified to the form
where the azimuthal anglé is the angle between the polar-
ization of the smectic layer and theaxis. Now the intrinsic

pyroelectric coefficient can be expressed as follows: r(T:Bae) =1i(Eqc) ys(T), (13
dE(T,E @ dPg d cos¢ where y5(T) is the pyroelectric coefficient of ferroelectric
V(T Ea) =7 =Ti(Eed| g C0S#+Ps—g7— |-  SmC* phase. Since we are not interested in the absolute

values of the pyroelectric coefficients, but only in their de-
(11 AN
pendence on temperature or bias field in different phases, the

The total pyroelectric coefficient, is represented as coefficientr;(Eqy) is calcu_lated directly fr_om the experimen-
tal results as the normalized pyroelectric response

_de dPg—— d cos¢
Y1(T,Ead) = eogg Eact Mi(Eae) | 7 COS+Ps— 7. Vo T,E o)
(12) ri(Ego = Vg (14)
0.00025
0.00020 |-
0.00015 |
g FIG. 3. Dependencies of pyroelectric re-
¥ 000010 | sponse on a bias field in SP{ and SnC? phases
for several temperatures.
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FIG. 4. Dependencies of coefficienf(Ey4) on a bias field in
Srrc*; phase for several temperatures: 80.5@@ 79.5°C (b),
78.5°C(c), and 77.5°Cd).

where Vg(T) is the pyroelectric response for the field-
induced Sre* phase at temperatuie This is possible be-
cause a pyroelectric voltage measured by lock-in amplifier i
proportional to the pyroelectric  coefficient: V,,
=R A(dT/dt)yr; here R, is the input resistance of the
measuring scheme. Coefficien{Ey.) calculated using Eq.
(14) coincides with that defined by E@13) for structures
with unwound helices.

As was mentioned before;(E4.) corresponds to the ratio
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SmC* phase, the ferroelectric M phase, the ferrielectric
SmC*; phase and the FiLC phase. The pyroelectric signal in
these phases appears to be due to a distortion of the helical
structures arising from the interaction of the spontaneous po-
larization with the bias electric field. In the antiferroelectric
AF and SnCj; phase, the pyroelectric response is absent
because the spontaneous polarization in both these phases is
equal to zero.

The effect of bias field on the pyroelectric signal in the
SmCj and Sn€C’ phases is given in Fig. 3. At temperatures
of 75 and 76 °C, which correspond to the antiferroelectric
SmC, phase, the pyroelectric response is low, and indepen-
dent of bias field until 1.0 and 0.85 MM, respectively,
where the field-induced phase transition to the ferrielectric
SrTC’; phase is reached. The field-induced transition to
the unwound SmB8* structure starts for these temperatures
at fields of 2.0 and 1.85 Yim, respectively. It is important
to note that the S@7 phase is unwound just after the
phase transition from the SBf phase; otherwise the pyro-

&lectric response would be almost zero. This finding is simi-

lar to that of Hiraokaet al. [21] from conoscopy measure-
ments.

The field dependencies of the pyroelectric response corre-
sponding to several temperatures in theC3nphaseFig. 3)
show a typical ferrielectric dependence on bias field both
for the spontaneous polarizatiga5] and for the apparent

1/n (characterizing the spontaneous polarization of theilt angle [22]. In the ferrielectric Srﬁ’yc phase the pyro-

AFLC phase in the one dimensional Ising mof&j) for bias
fields when the helical structure is unwound anE,) be-

electric response increases considerably with the bias field,
due to a helical unwinding process which starts from a very

comes approximately constant. In this case it can be used 1w value of the bias field. A linear increase of the signal
characterising the field-induced AFLC phases. An increasgjith the bias field is observed during the field-induced

in the coefficientr;(Ey4.) to a new stable level with an in-
crease in the bias field indicates a field-induced phase tra
sition from one phase to the next.

IV. RESULTS AND DISCUSSION

transition Snﬁ:’;—>SmC*. This is valid for all temperatures

T the SnC’; phase. The threshold field of the field-induced

phase transition from S@T; to SnC* phases decreases with
an increase in temperature. Figure 4 shows the field depen-
dence of the normalized pyroelectric response in terms of

Figure 2 presents the dependence of the pyroelectric réhe phenomenological coefficient;(Eqe) for the same
sponse on temperature when the bias field is lower than themperatures as in the Sﬁj phase. As expected, for bias

critical field for helical unwinding in the S@* phase. Ac-

fields greater than the critical field of the ferrielectric helix

cording to this plot the pyroelectric signal is present in theunwinding, r;(Ey) is equal to the ratio ¥ of the one-

0.00025

0.00020

0.00015

V,r (V)

0.00010

0.00005

FIG. 5. Pyroelectric response as a function of
bias field in the antiferroelectric AF phase at vari-
ous temperatures: 83.0°GQa), 82.5°C (b),
81.5°C(c), and 81.0 °C(d).
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region. Instead of the three field-induced phase transitions
predicted by theory, namelyy;=1/2(AF)—qr=2, q;=3

# ] Hq_T=§(SrrC’;), anqu=§(“SrTC’;)HqT=1(SrTC*), ex-

4 perimentally only two transitions are observeg:= 3 (AF)
«

LA
_ y}f AL | —ar=3(SMC*) andgr=4(SMC*)—gr=1(SNC*). Itis
4

worth noting thatr;(E4o) for the field-induced ferrielectric

} o8 f/ phase in the low temperature region of the AF phase is some-
= AF ] what higher tharg for the SnC? phase.
0.4 e The dependence of the pyroelectric signal on the bias field
for the SnC* phase is shown in Fig. ©@3.0 and 92.5°C
02 An initial linear response of the signal with the bias field,
corresponding to the helix distortion, is followed by a depen-
oo . . ' . dence with a lower slope when the bias field approaches the

o6 08 10 1z 14 16 critical field for the helix unwinding. From these curves we
E, (Vium) find that the critical fie;ld for a helical unwinding_in the ferro-
° electric SnC* phase is~0.5 V/um. A decrease in the pyro-
FIG. 6. Coefficientr;(E4) as a function of bias field in the €lectric response with a further increase in field can be ex-
antiferroelectric AF phase at various temperatures: 83.09C  plained by the first term of Eq(12). This term has sign
82.5°C(b), 81.5°C(c), 81.0°C(d). opposite to that of the intrinsic pyroelectric coefficient for
temperatures below the $x— SmC* phase transition, be-
. . . . cause for these temperatures the soft mode contribution to
dimensional Ising modef8] for the SnC’; phase, and is the dielectric permitti\F/)ity decreases with temperature. In Fig.

~1
3 for all temperatures. 7 the pyroelectric signal for the FiLC phase at 92.0 °C is also

. The dependence Qf th_e py_roelectric signal and the C(?eff'bresented. Two slopes for an increase in signal separated by
cientr;(Eg4o on the bias field in the low temperature region

i . - a saturation region are observed in this case. The slope at
(Figs. 5 and 6,*curves 81.0°C and 81.5Q0ks similar o pyher fields is connected with an unwinding of the ferro-
that in the Srt, phase. The phase in this temperature rang&eciric helical structure. This assignment follows from a
is designated as AF. One observes a low signal until th@omparison with the field dependence of the pyroelectric sig-
field-induced phase transition to the ferrielectric (Sin nal for the Sn€* phase. In addition to the process of the
phase is reached; then the signal reaches a plateau corkgrroelectric structure unwinding another process appears in
sponding to the unwound SBj, phase, after which a field- this phase for bias fields less than 0.2:x1, and leads to a
induced transition to the ferroelectric &h phase occurs. In  stable structure which is different from the unwound&m
this high temperature region, the field-induced transitionphase.
from the antiferroelectric AF phase goes directly to the ferro-  Figure 8 demonstrates the dependence of the pyroelectric
electric SnC* phase, without going through the &)  response on the bias field for several temperatures in the
phase. This experimental result, i.e., a kind of dependence #iLC phase. The common feature of the dependence of the
the field-induced phase transitions on the temperature regiasignal on the field for all temperatures is that two regions of
of the AF phase, partly confirms the theoretical prediction ofsteep signal increases are separated by a region of a slow
Yamashita and Tanakd2] (Fig. 1). However, a divergence change in the signal. The high field increase corresponds to
exists between theory and our experimental results, namelyn unwinding of the ferroelectric structure. This shifts to
experimental data do not confirm the existence of the ferrihigher fields with a decrease in temperature. The low field
electric phase witlgr=3/7(q=2/7), which should precede slope starts from the bias fields almost greater than zero
the SnC? phase, with the field increasing in low temperaturefield; r;(Eq) depends on the bias fielFig. 9 and on the

140

0.0020
- 120

— 100

0.0015 93.0 |
18 S
< > 925 ° FIG. 7. Dependence of the pyroelectric signal
< 1 5 . . . .
5 0.0010 1eo on the bias field in S@* (93 and 92.5 °Cand in
> 92.0 | FiLC phase(92 °C). Dielectric permittivitye' as

o a function of bias field in FILC phas@2 °C).
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FIG. 9. Coefficientr;(E4) as a function of the bias field in the
FIG. 8. Pyroelectric response as a function of bias field in theferrielectric FILC phase at various temperatures: 91.5(®),
ferroelectric FiILC phase at various temperatures. 89.0°C(0), 86.0°C(0), and 84.6 °CW).

temperature within the FIiLC phase. A stable value ofelectric permittivity under the bias field exhibit interesting
ri(Eqd~0.6 is observed only in the high temperature regionand unusual features. The ANNNI model with third-nearest-
of the FIiLC phase. For lower temperatures it depends on thgeighbor interactiofi23] in this temperature region predicts
bias field, and changes from 0.4 to 0.6 approximately lin-the existence of one commensurate phase and two incom-
early with the field. mensurate phases with wave numbgrsorrespondingly, of

In order to explain the unusual behavior of the pyroelec-l(q,;=2), (qr=%), and2(gr=2).
tric response observed in this phase, dielectric measurements The Landau mode[6], involving an expansion of free
and the texture with a polarising microscopy were also obenergy in terms of ferroelectric and antiferroelectric order
served. In Fig. 7 the results of the dependence of the dielegarameters, predicts that transitions from theC3nphase to
tric permittivity " on the bias field at a temperature of 92 °C other phases go through incommensurate or soliton-lattice
are also presented. The latter shows that, in addition to thg§pe phases in some cases. These phases represent a structure
ferroelectric Goldstone mode being suppressed at a bias fielsf the domain walls on a helix. Hence one can expect that
of 0.5 V/um, another process is suppressed at even loweavo dielectric relaxation processes coexist for these phases: a
fields (<0.2 V/ium). The mechanism of this process of sup- Goldstone mode of a helix, and a mode involving a soliton-
pression is not clear yet. It was repor{dd] that the dielec-  |attice motion. The soliton in this model is a domain wall
tric spectrum of the 120F1MT7previously called AS-578  that lies essentially in between two commensurate regions.
possesses two relaxation processes in this temperature rehe soliton-lattice state is formed by including a domain
gion: one is the ferroelectric Goldstone mode; and anothefall every few periods of a helix. As a consequence, the
can be assigned to the ferrielectric Goldstone mode becaugeriod of the soliton lattice is probably longer than the pitch
it also exists in the ferrielectric S@Ty phase. of a helix in the commensurate regions. In general, the mac-

Textures of the FiLC phase under the bias field were obroscopic polarization of the deformed helical structure of the
served using a polarizing microscope. At temperatures of 88omain wall is compensated for by the polarization of the
and 86 °C an increase of the bias field up to 0.1aid/leads  other domain walls. When an electric field is applied across
to the appearance of the first domain texture. The sharfhe cell in this incommensurate phase, an unwinding of the
black-white stripes with a period of several microns are ori-soliton-lattice occurs first, accompanied by the alignment of
ented perpendicularly to the rubbing direction, and thus parthe macroscopic polarization of the domain wall along the
allel to the smectic layers. A further increase in the bias fielddirection of the field. The threshold field of this process is
results in a disappearance of the domain texture. But whemuch lower than for helical unwinding in commensurate re-
the field reaches values of 0.5xh at 89 °C and 0.65 \Um  gions, for the reason that the threshold field is inversely pro-
at 86 °C(see Fig. 8 the second domain texture is observed.portional to the period of the helix. This corresponds to a
The orientation of the second domain system is similar to thdirst stepwise increase in the pyroelectric response with field.
first one, but the stripes are more smooth, and their period i$he second stepwise increase corresponds to the helical un-
longer than that of the first system. The appearance of theinding in the commensurate regions and a transition to an
domain textures in this phase seems to be a result of amnwound Sr&* phase. The observation of the phase transi-
unwinding of a helical structure in the two stages. One notesion from FiLC to AF phases, depending on the temperature
that the bias fields, for which the domain textures appearwithin the FiLC phase, is also due the existence of an incom-
coincide with the regions of an increase in the pyroelectrianensurate type phase. In Fig. 2 the temperature dependence
signal (Fig. 8). of the dielectric permittivitys’ is presented, with the bias

The pyroelectric results are found to agree with the di-ield of 1.1 V/jum applied across the sample. One can seethat
electric and polarization measuremefit§]. The dependen- the Goldstone mode in FiLC phase is suppressed by this
cies of the pyroelectric signal on the bias field show interestfield, and the peak in the relative permittivity that is observed
ing behavior for SI&} , SrrC’; , AF, and SnC* phases. For is due to the soliton-lattice mode, coinciding with the
the FiLC phase, both the pyroelectric response and the dFILC—AF phase transition. Thus the FILC phase seems to
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FIG. 10. E-T phase diagram of 120F1M7 de-
. termined by the pyroelectric measurements.

s
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be one of the incommensurate phases, predicted by thenwound with a weak field of- 0.2 V/um.
ANNNI and Landau model$23,6], for the temperature re- In the low-temperature region, the AF phase shows a
gion between the ferroelectric & phase and the antifer- field-induced transition to the EID‘j; phase, with a field of
roelectric AF phase, and that many of the unusual features afimost 0.5 Vim, and the Sm; phase is unwound just after
this phase find their explanations in terms of these models.the phase transition from the AF phase. The wideness of this
field-induced transition is the same as for transition from
V. CONCLUSIONS SmCj to SnC’ phases. In the high temperature region of
P . ' . the AF phase, our results show a field-induced transition di-
yroelectric measurements confirm the existence of sev

% . .
eral antiferroelectric and ferrielectric phases in an antiferro-.reCtIy from AF to*SnC phases _W'thpm going through an
phase. The field-induced phase transi-

electric liquid crystal, with a phase sequence Of![mern:je(?ate_ S"gvf th : i ved i
SrrCX-SrrC’;_-AF-FiLC-SrrC*-SnCz . in the absence of Ié(i)gnsloe ermined from these experiments are summarized in
an external field. Lo

. . " ' The pyroelectric data confirm the main theoretical predic-
In the antiferroelectric S@}, phase, the threshold field of tions of the ANNNI modelYamashita and TanaK4.2]) for

the field-induced transition from SBf to SmC| phases de- - * *
pends on a temperature: the higher the temperature, tt]tge bas_|c pha;es of S, SmC;,, AF, and Snc ph_ases.
: S " particular, it was found that the type of field induced
lower the threshold field. The field-induced transition from phase transition from the AF phase differs for low and high
* * H . H

SmC, to SnCY phases is sharp; that is, the range from &y heratures for a range of temperatures of the AF phase.
threshold field to aiaturatloq field is less t.han 0.2M™l Itis The pyroelectric and dielectric results of the FiLC phase
found that the S"ﬁl phase S unwound just after a phasesnow the difference between FiLC phase and a typical
transition from Srt, to SnC’ phases. N SmC* phase. The FiLC phase seems to be one of the incom-

The threshold field of the field-induced transition from mensurate phases, predicted for the temperature region
SmC’ to SnC* phases, observed in $Ij}, SnC’, and  petween Si8* and AF phases, both by the ANNNI and
AF phases, decreases monotonically with an increase in tenp-andau models.

perature. The field-induced transition from Sijno SnC*
phases is more than two times wider than the field-induced
transition from Sr€j to SnC} phases and has a range,
from the beginning of the transition to the end, of approxi-  This work was supported by European ORCHIS network,
mately 0.5 Vum. In the sm:*; phase a helical structure is and partly by RFBR Grant No. 98-02-17071.
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