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In the framework of the model of short pitch modes (SPM) developed for antiferroelectric
liquid crystals, the sets of various relaxation modes related to ferro-, antiferro- and ferri-
electric phases are explained. The s̀oft-like’ modes describe the amplitude perturbations of
short pitch modes, while the Goldstone modes describe the azimuthal perturbations of the
molecular packings related to short pitch modes. The frequencies of the Goldstone modes
are mainly determined by the chirality parameter, depending on the number of short pitch
modes. The relaxation modes described correspond to the observed phase diagrams in liquid
crystal materials for which the measurements of dielectric spectra are presented.

1. Introduction dqn = qn Õ kn , the n-SPM describe weak ferrielectric (FI)
states. In the case when SPM and LPM coexist, theAlong with the models [1± 8] applied for the con-

sideration of very complicated problems related to the ferrielectric properties are more pronounced. The result-
ing incommensurate structures, the phase transitionsantiferroelectric structures and properties of new liquid

crystalline substances, in refs [9± 11] the short pitch between them and the corresponding phase diagrams
were described in the framework of such an approachmodes (SPM) approach was proposed for the charac-

terization of observed families of ferro-, ferri- and anti- in ref. [11].
The experimental study of the resulting structures andferro-electric phases in di� erent chiral smectic materials

with inclined molecules. This approach was related to the of possible SPM is the hard problem. One of the
promising experimental methods is dielectric spectro-assumed structures for such smectic phases possessing

complicated spatial director distributions J(z) along scopy. In the present paper, in the framework of our
approach, we give an interpretation of the relaxationthe crystalline z-axis. Function J(z) is, in fact, the sum

of terms from SPM (with amplitudes H n and large modes in ferri-, and antiferro-electric phases and discuss
recent experimental data in this area.wave numbers qn) and long pitch mode (LPM with

amplitude H L and small wave number qL ). The n-SPM,
2. Soft modes and Goldstone modes in the SPM modelin the absence of any incommensurability, describe

It was shown [10] that, in a simple approximation,pure antiferroelectric (AF) structures with unit cells
when only the terms quadratic in H j are taken intoalong the z-axis. In such a case, qn = kn = m/nl, where
account, the free energy density takes the formm = 1, 2, ¼ , n = Ô m, Ô (m+1), ¼ , l is the thickness of

a monomolecular layer, and the polarization vectors
F = F*+F q = �

j
F j = �

j
Aj H 2

jform closed manifold geometries in the smectic planes,
which correspond to various stars in n layers-unit cells.
The total number of SPM in a given family nm a x is of = �

j CR

TA

(T Õ Tj )+rfjDH 2
j (1)

the order of mj/l, where j is the correlation length (along
the crystalline z-axis) measured in molecular lengths l where the positive constants R and r have the dimensions
[9, 10]. In the presence of a small incommensurability of coe� cients Aj (i.e. of energy density), the functions

fj (T ) describe the spatially heterogeneous part of the
energy, and the ® rst phase transition from the smectic A*Author for correspondence.

² Part II see ref. [11]. to a chiral smectic with inclined molecules occurs at the
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1124 S. Pikin et al.

temperature TA . The appearance of the j-waves is deter- the n-SPM with a smaller n does not appear independ-
ently of the SPM with a larger n. The inverse inequalitiesmined by the coe� cients Aj vanishing in the F j terms

at some points Tc, j . The magnitudes |Aj | play the role of T3 (dq3 )< T2 (dq2 )< T1 (dq1 ) also occur if 27p< anÕ 1 j2 .
Under the condition 27p< anÕ 1 j2 it is more thans̀oft mode’ frequencies

likely that the azimuthal perturbations of these packings
vsj 3 |Aj |/cH (2) are related to the chirality properties and described by

Goldstone-like modes with the relaxation frequencies(multiplied by viscosities cH for the polar angle motions)
corresponding to the j-modes, which can be observed
in the dielectric spectrum. In general, the response of vG n3 (r/cQ)(dqn)2 3

r

l2 cQA a

n2 pB2

(4)
various modes to the actions of an external ® eld E is
described by taking into account the terms [Õ H j (t)E]
in the functional F , the j-modes being induced by the vG L 3 a ¾ dTL c Õ 1

Q 3 ra2 c Õ 1
Q 3 (K /cQ)(qL )2 3

K

l2 cQA an

pl2B2

electric ® eld. In fact, in an antiferroelectric phase, these
s̀oft modes’ are related to complicated (both the azi- (5)
muthal and polar angles) perturbations of the director

where magnitudes dqn and qL are given by equationsorientation. The di� erence between such frequencies, for
(10) and (15) from [10]:example between vs1 and vs2 , is related to the di� erence

in perturbations of the molecular short range packing [the
dqm

n $ Õ
1

l C nn

mj2 +(Õ 1)n
ma

n2 pD, qL $
an

mpll2 ,
n

l2
=

n

j2 +t.packings with wave numbers k1 = l Õ 1 and k2 = (2l)Õ 1 ]
inside the correlated area with radius j. It should be
mentioned that the activation of such relaxation modes (6)
may be di� cult in the SmC* and FI phases with a

Here, K is the elastic modulus, cQ is the viscositystrong director twisting. coe� cient for azimuthal orientational motions, and it isWe remind the reader that the short range packings assumed that t is equal to zero at the temperature TA .with di� erent wave numbers kn are assumed to be almost The vG n values describe, in fact, the induced deviationsequivalent in their energies which have almost the same
fromthe energy minimum. The vG L value is conventionalminimum value. The incommensurability e� ects may
for the SmC* phase and, by this relation, we can estimatechange this minimum value for di� erent SPM [10].
parameter r,It was assumed in [10] that the Landau coe� cients

aj = a ¾ (T Õ Tj ) for the j-modes vanish at di� erent temper-
r 3

K n2

p2 l2 l4 . (7)atures Tj if qj are not exactly equal to kj ( j = n and
Tj = Tn for the n-SPM), Tj =TL being also di� erent for the

Substituting this r value into the expression for vG n weLPMwith qj = qL . Since Tn = T * for qn = kn , magnitudes
obtain:Tn are equal to

Tn (qn ) ; Tn (qn Õ kn)= T *+C(qn Õ kn)2 (3) vG n 3
vG L

p2 n4 . (8)
because the transition temperature cannot depend on the

Thus, the vG n values become much less than vG L forsign of the incommensurability dqn =qn Õ kn . Constant
n> 1, vG 1 being approximately one order less and vG 2C is positive if the incommensurability is favourable, i.e.
being approximately two orders less than vG L , i.e. theif it results in an energy gain. The incommensurability
LPM-Goldstone relaxation mode has a larger frequencye� ects, accordingly to equation (3), can e� ectively shift
than the 1-SPM-Goldstone relaxation mode.the transition temperatures similarly to the increase

In accordance with equations (4) and (6), forin the TCA temperature due to the existence of a conven-
aj2 nÕ 1 % n3 p, i.e. for large numbers n, we obtain thetional helix [12]. It was shown [11] that T1 (dq1 )<
valueT2 (dq2 )< T3 (dq3 ) and A3 (0)< A2 (0 )< A1 (0) if p> anÕ 1 j2 ,

where a is the chirality parameter, magnitude nÕ 1 /2 j
vG n 3 vG L n2 (n2 /a2 j4 ) (9)characterizes the correlation length in the smectic plane

which may be larger than the correlation length j along which is valid at n > (aj2 /pn)1 /3 . In such a case, the vG n

values increase with increase in the n-number, but theythe crystalline axis. These assumptions (as a model)
correspond to the observed increase in the phase transition may be less than vG L when parameter aj2 nÕ 1 is larger

than n.temperatures when the period of the independent SPM
structures increases. In the case of mixing of j-waves, the The activation of these relaxation modes may be

di� cult in the antiferroelectric phases because of thementioned inequalities can even change to the inverse
inequalities but in such a case, at higher temperatures lack of an average polarization value inside a short
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1125Dielectric spectroscopy of AFL Cs

range area. If an AF phase possesses a weak proper
incommensurability, i.e. it is a weak FI phase, then a
weak Goldstone mode may be activated in such an AF
phase. The application of the external electric ® eld must
induce the long range mode, i.e. the average polarization,
and thus the interaction of this polarization with the
® eld, must produce the azimuthal director perturbations
and activate the Goldstone relaxation modes discussed.

3. The model phase diagrams

Let us consider, as an example, the phase diagrams pre-
sented in ® gures 1 and 2 corresponding to the inequality
A1 m in < A2 m in , their absolute values being large with
respect to the modulus of AL (t) at the points of inter-
section of these three lines. The inequality A1 m in < A2 m in

means that we consider the situation aj2 nÕ 1 &n3 p. Here,
the 1-SPM does not appear independently of the 2-SPM

(a)

(b)

Figure 2. The two SPM and LPM branches of energy as
functions of the reduced temperature. Two cases for the
SPM lines are shown: (a) with intersection, (b) without
intersection. The suppression of LPM by strong SPM in
the high temperature region is assumed. The slopes of the
SPM curves essentially di� er in low and high temperature
regions. The SmC* phase, two antiferroelectric phases
and one ferrielectric phase are present.

at a high temperature, i.e. near the point of the transition
to the SmC* phase, both the SPM are mixed with LPM
at high temperatures. Both ® gures 1 and 2 describe two
hypothetical situations when lines A2 (t) and A1 (t) are
intersecting (a) andare not intersecting (b). The di� erence
between ® gures 1 and 2 is the following: at the high
temperature points of intersection with line AL (t), the
slopes of lines A2 (t) and A1 (t) in ® gure 1 are less than
in ® gure 2, and, correspondingly, the temperature range
of comparable values of these functions is broader in
® gure 1 than in ® gure 2. At a lower temperature, i.e. at
large values of t, the values of functions A2 (t) and AL (t)

(a)

(b)

Figure 1. The two SPM and LPM branches of energy as are rather more comparable than the values of functions
functions of the reduced temperature. Two cases for the A1 (t) and AL (t) (in both ® gures). It should be noted, that
SPM lines are shown: (a) with intersection, (b) without at low temperatures, i.e. at large values of t, the slopesintersection. The induction of LPM by weak SPM in the

of these lines can change and be less due to the presencehigh temperature region is assumed. The SmC* phase,
and two antiferro- and two ferri-electric phasesare present. of higher order terms, for example t3 , in functions fn (t).
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1126 S. Pikin et al.

In accordance with the discussed properties of the relaxation modes with frequencies vs1 and vs2 in the
AF(12) and FI(12L) phases is under question. Probably,e� ective intermode interaction (see equations (21)± (23)

in [11]), we can expect that a rapid increase in the certain complex soft-like perturbations of the unit cell
result in such a collective mode.amplitudes H 1 and H 2 in the vicinity of the high temper-

ature points of the intersections of line AL (t) with lines Some molecular motions in the individual unit
cells may be responsible for a relaxation process [9]A1 (t) and A2 (t) (see ® gure 2) practically suppresses

LPM, but there are some temperature intervals for the related to perturbations of the stars. To check the e� ects
of molecular motions, the e� ect of decrease in chiralitycoexistence of these modes in the phase diagrams shown

in ® gure 1. Thus, in the latter case, the high temperature should be applied to the substances studied. For instance,
in a racemic mixture with a= 0, the phase diagramsFI(2L) and FI(12L) phases may arise [see ® gures 1 (a)

and 1(b) respectively], since here relatively weak 1- and discussed must radically change, only the SmC and SmCA

phases being observable. In such a case, the molecular2-SPM induce the LPM, but such phases are absent in
the phase diagrams shown in ® gure 2, since here strong mode may be measured in the latter phases which have

no macroscopic twisting. In the SmCA phase, in which1- and 2-SPM suppress the LPM. At low temperatures,
for all the phase diagrams, a certain competition between the àntiferro-packing’ of dipoles occurs only locally,

the induced molecular motions may be related to thethe 2-SPM and 1-SPM occurs for survival of the LPM:
a weaker 2-SPM induces the LPM, but a stronger 1-SPM tumbling of dipoles and molecules under the action of

the electric ® eld. During the process of such a tumblingsuppresses it [11]. In both ® gures 1 and 2, therefore,
a possibility for occurrence of the FI(12L) state exists of molecules around their short axes, the tilt angle and

monolayer thickness do not change.at low temperatures. At lower temperatures, only the
AF(1) phase is present. In the vicinity of deep minima
of the A2 (t) and A1 (t) functions, the AF(12) phase occurs 4. Discussion of experimental data

We assume that such an approach can explainin ® gures 1(b) and 2 (b), and the AF(2) phase occurs in
® gures 1 (a) and 2 (a). The AF(12) phase may also be the experimental results obtained in ref. [13] and in the

present work (see ® gure 3). In the substance AS-573present at low temperatures [see ® gures 1(b) and 2 (b)]
if a mixing of the 1-SPM and 2-SPM takes place. [13], the SmC* phase, two FI phases and two AF

phases were observed. In substance MHPBC (this work),These phase diagrams must result in a di� erent
dielectric spectroscopy. First of all, the q̀uasi-soft-mode’ the SmC* phase, two AF phases and one FI phase in

between the AF phases were observed. For both thefrequencies vs1 and vs2 [see equation (2)] must occur in
the antiferroelectric phases AF(1) and AF(2), respectively. AFLC, the conventional LPM-Goldstone mode with

frequency vG L is only observed well in the SmC* phaseIn the low temperature FI phase, the strongest 1-SPM-
Goldstone mode must be observed, but the observation (see ® gure 3).

For AS-573 [13], in the high temperature FI phase,of the low-frequency 2-SPM-Goldstone mode [see
equation (8)], as well of the very weak LPM-Goldstone two relatively strong Goldstone modes are observed

with frequencies vG L (close to vG L in the SmC* phase)mode (see ® gures 1 and 2), may be impossible. In the
high temperature FI phase, the 1-SPM- and LPM- and vG 1 which is one order less than vG L . We ascribe

this second relaxation mode to the 1-SPM-GoldstoneGoldstone modes must be observable, the frequency vG L

being much more than the frequency vG 1 . Because of a mode in the SPM model and recall that the correspond-
ing relaxation frequency vG 1 must be really much lessstrong twisting of the high temperature FI state and

SmC* phase, the s̀oft modes’ may be non-observable in than vG L , see equation (8). Since the 2-SPM-Goldstone
mode is weaker than the 1-SPM-Goldstone modeboth phases.

The hypothetical antiferroelectric phase AF(12) has a [compare A2 (t) and A1 (t) in ® gures 1 and 2] and vG 2

is much less than vG L and vG 1 [see equation (7)],rather complicated structure due to the coexistence of
the 1-SPM and 2-SPM, the unit cell being a combination the 2-SPM-Goldstone mode is hardly observable. The

q̀uasi-soft-modes’ are hardly observable because ofof the orientation stars with zero-value total polarization
and a certain value of the e� ective tilt angle [10]. twisting of this FI phase.

In the high temperature AF phase, two relaxationUnfortunately, becauseof theunknown interactionbetween
these modes, we cannot exactly describe the activation modes with relatively large frequencies were observed

for AS-573 [13], but only the highest one is observedof various relaxation modes in such a unit cell. If the
2-SPM is weak, the AF(12) phase possesses the vs1 by us (see ® gure 3). For AS-573, we ascribe the highest

mode to the q̀uasi-soft mode’ frequency vs1 , discussedrelaxation frequency. The latter mode must also occur
and be observable in the low temperature ferrielectric above. The second frequency is much less than the value

of vs1 [13]. If the second mode is the collective onephase FI(12L) if the helicoidal mode is su� ciently weak
in this phase. But the observation of both the soft-like [13], for instance a q̀uasi-soft mode’, then its frequency
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1127Dielectric spectroscopy of AFL Cs

Figure 3. Fitting results for apply-
ing up to three terms of a Cole±
Cole function to the measured
dielectric spectra of MHPBC
[4-(1-methylheptyloxycarbonyl)-
phenyl 4¾ -octylbiphenyl-4-carb-
oxylate] versus temperature. For
obtaining these dielectric data,
25mm thick EHC-cells (E.H.C.
Ltd. Tokyo, Japan) with ITO-
electrodes covered with rubbed
polyimide to obtain a unique
planar alignment were used.

vs2 could be much less than vs1 in accordance with the high temperature AF phase possesses the soft-like
mode with frequency vs2 , which is noticeably less thanthe di� erent |Aj | values (see ® gures 1 and 2). Besides, the

weakness of 2-SPMcould be a reason for the observation the vs1 value ascribed to the substance AS-573.
In the low-temperature AF phase, two relaxation modesonly of 1-SPM in the present work. But our study of

the racemic variant of substance AS-573 shows that are observed (see ® gure 3 and ref. [13]). The highest
mode has a frequency which is close to the discussedthe second relaxation mode is present in the SmCA and

SmC phases, while the other modes disappear. Therefore, magnitude vs1 characterizing the high temperature AF
phase in AS-573 and the low temperature FI phases inwe think that this relaxation mode is rather a molecular

mode. both substances. Therefore, we ascribe this mode to the
1-SPM-soft-like mode we have mentioned. The secondIn the low-temperature FI phase, two relaxation

modes with drastically di� erent frequencies are observed relaxation mode is present in both theSmC*
A and racemic

SmCA phases, and it should be ascribed, as discussed(see ® gure 3 and ref. [13]). The highest frequency is
close to the vs1 value in the high temperature AF phase above, to a certain molecular mode. Recent investi-

gations [14] show that the third very weak relaxationand to the similar value in the low temperature AF phase;
therefore we ascribe this strong mode to the 1-SPM- mode ( z̀ero’ mode) is also observable in the low temper-

ature AF phase, and this Goldstone-like mode may besoft mode with frequency vs1 . A molecular mode is not
observable here, probably because of its weakness and ascribed to a weak proper incommensurability of such

a phase as discussed above.the twisting of this FI phase. The weak LPM-Goldstone
mode (see ® gures 1 and 2) is also not observable here. It is useful to discuss the temperature dependences of

the relaxation frequencies. Equations (5), (6) and (8) showBut a stronger SPM-Goldstone mode may be observable
though its frequency is much less than vG L . Therefore, that the Goldstone modes have relatively smooth temper-

ature dependences related to the e� ective t-dependencehere we ascribe the lowest measured frequency to the
SPM-Goldstone mode frequency vG 1 since it is close to of the correlation length l, see equation (6); all these

frequencies have a tendency to decrease with increasingthe Goldstone mode relaxation frequency, observed in
the high temperature FI phase for AS-573 [13]. Besides, temperature. The experimental data (see ® gure 3 and

ref. [13]) demonstrate such a temperature behaviour.we conclude that the phase diagram for AS-573 [13]
probably corresponds to ® gure 1(b), showing the exist- But the temperature behaviour of q̀uasi-soft modes’ is

rather complicated and determined by the temperatureence of two FI phases with comparable frequencies for
the 1-SPM-Goldstone mode. The phase diagram shown dependences of the |Aj | amplitudes and viscosities.

According to ® gures 1 and 2, there is a general tendencyin ® gure 3 is likely to correspond to ® gure 2 (a) showing
only the low temperature FI phase with the 1-SPM- for these amplitudes to decrease when the temperature

approaches the limits of existence of tilted smectic phases,Goldstone mode. Furthermore, ® gure 2 (a) shows that
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1128 Dielectric spectroscopy of AFL Cs

and to increase when the temperature corresponds quencies for Goldstone-like modes and of a more rapid
temperature change (with a maximum at an intermediateapproximately to a central part of this temperature

interval. The experimental data (see ® gure 3 and temperature) of the relaxation frequencies for soft-like
modes are demonstrated.ref. [13]) show such a tendency.

Financial support from the Deutsche Forchungs-5. Conclusions
gemeinschaft is gratefully acknowledged; S.P. and M.G.Due to the chiral and polar interactions inside the
are grateful to the Russian Foundation of Fundamentalcorrelation area, the real wave numbers qn and energies
Research (grant 98-02-16802) for support. We also thankof the short pitch packings slightly di� er from the basic
J. K. Vij for fruitful discussions of the experimental data.ones: the wave numbers become incommensurate and

change for small magnitudes dqn which are the measures
Referencesof the incommensurate structures, and the energies of

[1] Fukuda, A., Takanishi, Y., Isozaki, T., Ishikawa, K.,such structures are shifted at magnitudes rdq2
n where

and Takezoe, H., 1994, J. mater. Chem., 4, 997.parameter r characterizes an energy scale of the incom-
[2] Takanishi, Y., Hiraoka, K., Agrawal, V., Takezoe, H.,mensurate structures with respect to the energy scale R

Fukuda, A., and Matsushita, M., 1991, Jpn. J. appl.
of the homogeneous part of the free energy. Magnitudes Phys., 30, 2023.

[3] Isozaki, T., Fujikawa, T., Takezoe, H., Fukuda, A.,rdq2
n are analogous to magnitudes K q2

L characterizing
Hagiwara, T., Suzuki, Y., and Kawamura, I., 1992,the shift of the SmA± SmC* phase transition temperature;
Jpn. J. appl. Phys., 31, 1435.the ® rst magnitudes are proportional to the relaxation

[4] Hiraoka, K., Takanishi, Y., Sharp, K., Takezoe, H.,frequencies of the Goldstone-like modes, while the latter and Fukuda, A., 1991, Jpn. J. appl. Phys., 30, L1819.
one is proportional to the relaxation frequency of the [5] Orihari, H., and Ishibashi, Y., 1990, Jpn. J. appl. Phys.,

29, L115.Goldstone mode in the conventional SmC* phase with
[6] Zeks, B., and Cepic, M., 1993, L iq. Cryst., 14, 445.a long pitch, i.e. with small wave number qL . The soft
[7] Lorman, V. L., Bulbitch, A. A., and Toledano, P.,mode-like behaviour of the relaxation modes in various

1994, Phys. Rev. E, 49, 1367.SPM structures is also possible, the corresponding fre- [8] Cepic, M., and Zeks, B., 1995, Mol. Cryst. liq. Cryst.,
quencies being dependent on the amplitudes of the SPM 263, 61.

[9] Pikin, S. A., Hiller, S., and Haase, W., 1995, Mol.modulations.
Cryst. liq. Cryst., 262, 425.The dielectric spectroscopy of such materials is

[10] Pikin, S. A., Gorkunov, M. V., Kilian, D., anddescribed by quasi-soft modes and quasi-Goldstone
Haase, W., 1999, L iq. Cryst., 26, 1107.modes with their relaxation frequencies determined by [11] Pikin, S. A., Gorkunov, M. V., Kilian, D., and

the main physical parameters discussed. These relaxation Haase, W., 1999, L iq. Cryst., 26, 1115.
[12] Pikin, S. A., 1991, Structural T ransformations inmodes correspond to the observed phase diagrams. For

L iquid Crystals (New York: Gordon & Breach Scienceinstance, di� erent quasi-soft modes are observed in the
Publishers).low temperature antiferroelectric phases, and several

[13] Panarin, Yu. P., Kalinovskaya, O., Vij, J. K., andGoldstone modes are observed in the high temperature
Goodby, J. W., 1997, Phys. Rev. E, 55, 4345.

ferrielectric phase. The tendencies of a relatively smooth [14] Panarin, Yu. P., Kalinovskaya, O., and Vij, J. K.,
1998, L iq. Cryst., 25, 241.monotonous temperature change of the relaxation fre-

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


