
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 12:06
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Short-Pitch Modes Approach to the
Problem of Antiferroelectricity in Liquid
Crystals
S. A. Pikin a , S. Hiller b & W. Haase b
a Institute of Crystallography, Russian Academy of Sciences, 59,
Leninskii prosp., 117333, Moscow, Russia
b Institut für Physikalische Chemie, Technische Hochschule
Darmstadt, Petersenstr. 20, 64287, Darmstadt, FRG
Version of record first published: 23 Sep 2006.

To cite this article: S. A. Pikin , S. Hiller & W. Haase (1995): Short-Pitch Modes Approach to the
Problem of Antiferroelectricity in Liquid Crystals, Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid Crystals, 262:1, 425-435

To link to this article:  http://dx.doi.org/10.1080/10587259508033545

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259508033545
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cryst. Liq. Cryst. 1995, Vol. 262, pp. 425-435 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1995 OPA (Overseas Publishers Association) 
Amsterdam B. V. Published under license by 

Gordon and Breach Science Publishers SA 
Printed in Malaysia 

SHORT-PITCH MODES APPROACH TO THE PROBLEM OF 
ANTIFERROELECTRICITY IN LIQUID CRYSTALS 

S.A.PIKIN 
Institute of Crystallography, Russian Academy of Sciences, 
59, Leninskii prosp., 117333 Moscow, Russia 

S.HILLER and W.HAASE 
Institut fur Physikalische Chemie, Technische Hochschule Darmstadt, 
Petersenstr. 20, 64287 Darmstadt, FRG 

Abstract The short-pitch modes (SPM) model is proposed for the description of 

various antiferroelectric and ferrielectric phases in the framework of phenomenolog- 
ical approach taking into account short-range correlations with different character- 
istic lengths for non-chiral and chiral terms in the free energy expansion, this small 
difference being dependent on the temperature. The ratio of correlation length to 
molecular length determines the number of SPM with wave numbers close to rational 
numbers of the inverse molecular length. The weak chiral interaction determines the 
wave number of long-pitch mode and the temperature intervals of the existence of 

each phase. The free energies of all the SPM are equal at the critical point that 
causes a mixing, i.e., a coexistence of many modes in the vicinity of this point. The 
alternation of ferri- and antiferroelecric phases near the critical point depends on ma- 
terial parameters of compounds. The existence of ferrielectric phases is determined 

by a neighbourhood of long-pitch mode. Thermodynamic properties and dielectric 
relaxation processes in such phases are discussed. 

INTRODUCTION 

During last several years, a variety of antiferroelectric and ferrielectric structures in 
several compounds and in their mixtures was discovered It was noted 7 3 8  that the 

observed phenomena are typical for the compounds with a characteristic structure 
of molecules. Hori et  a1.' marked that largely bent molecules can be lesponsible for 
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426/[1714] S.A. PIKIN ET AL 

the antiferroelectricity in liquid crystals. Isozaki e t  aL7 underlined that the repulsive 

interactions and packing entropy of molecules play an important role in these phe- 

nomena. The sequence of phases is dependent on compounds. For binary mixtures 

of MHPOOCBC and EHPOCBC, the possible phases observed stably are SmCi- 
FI,+SmC;-FIH-AF-SmC*-SmC~-SmA. The phase SmC: is considered '-'' 
as a coexistence of a variety of ferrielectric and antiferroelectric structures but not 

as a single structure. The direct phase transition SmC~-SmC* is more typical for 

a mono compound 1 2 .  The phase sequences were investigated in the papers 13-15 

on the basis of phenomenological models of Landau-type theory. The appearance 

of the sequence FIL-Smq-FIH-AF 'was described by the one-dimensional Ising 

model wit,h long-range repulsive interactions. One should note that one-dimensional 

Ising models describe phase transitions it1 a noti-realistic case of a spin with all the 

rest, spins i n  the system. The expansions in terms of small wave numbers y a,re 

correct only for ql << 1, where 1 is the length of a molecule. The present paper 

makes an attempt to look on the antiferroelectricity phenomenon from the opposite 

side in sense of y-expansions. This phenomenological model serves to understanding 

of' some general features of the phenomenon under consideration: the closeness of 

pitches of these phases to rational numbers, mixing of several SPM, the alternation 

of ferri- and antiferroelectric states, the limitation on the number of such states and 

the relation of these properties to a structure of molecules. 

THE SHORT-PITCH MODES MODEL 

The set, of physical features tnentioned above cannot be occasional. A number of 

ferro-. ferri- and antiferroelectric states shows a relatively large radius of alternat- 

ing interactions between molecules. The physical reason for this can be long-range 

sinectic correlations with an effective correlation length larger than 1. Such corre- 

lations can be relakd to steric interactions between molecules with strongly curved 

shape. The permanent molecular electric dipole moments do not interact in  such a. 

way directly, but they can correlate indirectly due to the interaction between chiral 

and polar molecules. In general, the dipole ordering can be caused by a polar asym- 
metry of the molecular shape, which modulates the chiral intermolecular interaction 

through the excluded volume effectsI6. One can assume that the excluded volume 

effects increase the correlation radius ( for chiral centers with permanent dipoles. 

Inside such an area, without taking into account the effects of chirality, dipoles can 

be oriented along the polar axis with equal probability for opposite orientations. It 

nirans that the energies of all these states are equal and they contribute to the main 
term of the free energy. Such states and corresponding modes exp(irkz) can be 
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SHORT-PITCH MODES APPROACH [ 17 1511427 

characterized by wave numbers k = m/nl ,  where m = 1,2  ..., n = m, m + 1, ... which 
represent the packing possibilities for molecules. The periods (pitches) of these struc- 
tures 2nZ/m are equal or larger than double molecular length. The wave numbers k 
have a sense if they are larger than (-I, i.e., if n /m 4 (11, the short pitches being 
inside the correlated area. The main term of the free energy, in such a case, can 
be presented in the form sin2 (mr/qZ), it is equal to zero at q = k, but it sharply 
increases at q # k. If the ratio n/m is larger than < / l ,  then, in fact, the modulations 
with small q should be taken into account, the main term in the free energy being 
proportional to q2. In both cases, this main term is independent of the sign of q .  

Taking into account the weak effects of chirality, one should include the term de- 
pending on the sign of q to the free energy, for example in the form @sin (mr/qZ)at 
large q or the term pqZ at small q ,  where the small constant p characterizes the 
relative weakness of the chirality effects. These effects can change slightly the cor- 
relations between dipoles, for example the correlation length X 21 E ,  the difference 
X - ( being essentially dependent on the temperature, especially near SmA-SmC* 
phase transition point. 

Thus, instead of the magnitude q characterizing the heterogeneous fluctuation 
terms in the free energy, one can choose the more suitable magnitudes qZ-'/ ( q 2  + ( - 2 )  

and qZ-'/ (q2 + XP2)which help to describe both long-pitch and short-pitch modes. 
These magnitudes have maximum values of the order of </Z which are larger than 1. 
Therefore it is not correct to develop the free energy as a series in powers of these 
magnitudes and to set a limit on the powers. It is good practice to think of the free 
energy as a series in harmonic functions of the magnitudes. The simple assumption 

is done in the present phenomenological SPM model, just the first harmonics are 
taken into account to describe the effects under consideration. One can write the 
non-chiral and chiral terms mentioned above as 

The first term in (1) is the main term, the second one describes the weak chirality 
effects, the parameters a and @ are much smaller than 1. It is clear from (1) that 
one has the ordinary expression for the q-dependent free energy term at small values 
of q .  If q[  and qX are much larger than 1, the main term in (1) shows that the SPM 
with q = k correspond to minimum energies. Thus, for the fixed m,  the modes with 
n smaller than (mJ/2Z)can really exist, the most essential m-terms being determined 
by the molecular structure. The magnitude (m(/2Z) determines, in fact, the possible 
number of phases and transitions between them for a given m-set. 
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THE PHASE TRANSITIONS IN THE SPM MODEL 

The set of chiral smectic phases can be described by the minimization of the expres- 
sion (1) with respect to the wave number q .  To do this, let us consider, first of all, the 
dependence of the free energy on q in vicinity of the points q = k. Substituting the 
magnitudes q = k + Sq into (1) and developing this expression as a series in powers 
of Sq, one can find that, for a given m-set, each short-pitch n-mode corresponds to 
the existence of the minimum energy 

2 n6r2  L2 L" n. m2a -1 n37r f , " ( S q , " ) - - P ( l - P )  m4 

It is seen from (2) that the small parameter 

L2 L2 
A 2  (2 

rz--- 

determines the temperature dependence of the free energy for each SPM. Each SPM 
has zero minimum energy at 

All SPM, in accordance with ( 2 ) ,  have the same energy 

fc = f,"(T = 0) - a2P(l - p)  (4) 

at the point 7 = 0. 
It is clear from (2) that the total number of SPM is limited by the condition 

ESq," 5 1. If 169," > 1,one should find another minimum of the free energy which is 
related to a long-pitch mode. Assuming that such a minimum corresponds to q[ and 
qX much smaller than 1 and neglecting the corresponding magnitudes in (1), one can 
easily calculate by the minimization of (1) that the value 

aPX21 
q = q o ! x -  

m r t 4  

determines another minimum of the free energy 

( 5 )  

It is important to note that the magnitudes fcand fo are equal at T = 0 accordingly 
to the expressions (4) and (6), the value qoZ - c~,Ll(Z/t)~ being much smaller than 1. 
In vicinity of the point T = 0, the magnitudes f," ( r )  can be written in the form 
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SHORT-PITCH MODES APPROACH [ 17 17]/429 

f" t 

Figure 1: SPM energy branches as functions of a referred temperature.The fat dotted 
curve corresponds to the long-pitch mode, the light dotted straight line shows the 
energy of homogeneous structure 

Thus, comparing the expressions (6) and (7), one can conclude that the slopes of 
the lines fo ( T )  and f," ( T )  at the point T = 0 can drastically differ or can be almost 
equal in dependence on the material parameters a,  p,  XI1 and on SPM numbers. 
Figure 1 shows these features of SPM behaviour. 

The obtained results can throw some light on the observed phase diagrams. It is 
clear from (2)-(7) that there is the temperature (T = 0) where all the modes (short- 
pitch and long-pitch) have the same energy fc.  In vicinity of this point , a mixing of 
different modes can actually occur, the long-pitch mode being obviously attended. 
The point T = 0 more than likely is in the neighborhood the point T(TAC) corre- 
sponding to the SmA-SmC* phase transition temperature TAG because chirality 
effects vanish at  this temperature. It is assumed that increasing positive values of 
T correspond to  a decrease of T below TAC. The point T(TO) = 0 may be slightly 
smaller than TAC, i.e., T (TAc) < 0 because of the interaction between SPM shifting 
the transition temperature. The point T(TAC) is shown in Fig. 1 by the arrow. In 
the temperature interval corresponding to the interval T(TAC) < T < 0, one can 
consider various scenarios of the phase transitions between SPM states (see Figure 
2). For a given m-set of SPM with the total number m[/2l of n-modes, where n = ni, 

nt + I ,  ..., the odd n-modes are at positive values of T ,  but the even n-modes are 
at  negative values of T (in the framework of the present model). In the considered 
narrow interval of negative values of T ,  for a compound with material parameters 
satisfying the inequality 

apXL xn3 - > -  
12 m2 

for all even 11-modes, the ordinary long-pitch SmC* has the lowest free energy ac- 
cording to (6) and (7) (see Figure 2a). For a compound in which, instead of the 

(8) 
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fn f fn I fn  t 

bl 
Figure 2: The scenarios of phase transitions at  various values of material parameters. 
SmA phase can be followed by a) SmC* phase, b)FI phase as a mixing of long-pitch 
and short-pitch modes, c)AF phase 

inequality (8), one has the approximate equality at  a maximum even n, the mixing 
of the long-pitch mode with even n,,,-mode is more than likely (see Figure 2b). 
Such a state can be considered as SmC: which is rather a ferrielectric phase. For 

compounds with material parameters satisfying the inequality which is inverse to 
(8),  one should expect the existence of the antiferroelectric state, i.e., the SPM with 
a maximum even n = n,,, (see Figure 2c). Thus, the phase transitions from SmA 
to SmC', SmC: (i.e., FI) and SmCI (i.e., AF) depend on material parameters of 
compounds and their mixtures. 

At the point T = 0, the situation is rather complicated because of mixing of many 
modes which can interact between themselves. In fact, it was assumed above that 
all the modes have the same amplitude A0 (i.e., the tilt angle B ). In reality, these 
amplitudes A ,  can differ. To describe their mutual influence, one should take into 
account additional terms in the free energy expansion, for example one can consider 
the typical term 

- V ~ ; ~ ;  (9) 

corresponding to the interaction between the long-pitch and n-short-pitch modes, 
which induces the appearance of both modes, the parameter v being positive. One 
can imagine to himself a more complicated situation when, due to similar reasons, 
the long-pitch mode coexists with several SPM. One can affirm that the larger the 
magnitude m t / 2 1  related to molecular properties of compounds the larger is the 
quantity of SPM and the larger is the quantity of various ferrielectric states in vicinity 
of the temperature T A ~ .  

The steepness of the .r-behavior of the SPM free energy in vicinity of the point T = 

0 allows to make another principal conclusion. With an increase of positive 7, possible 
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[ 1 7 19]/43 1 SHORT-PITCH MODES APPROACH 

ferrielectric states must be followed by a purely SPM, i.e., by an antiferroelectric 
state. Figure 1 shows, for example, that for the SPM with the maximum odd number 
n,  there is deep and narrow pit in the function f n  ( T )  in the immediate vicinity of 

the point T = 0. Therefore the phase transition to this antiferroelectric state from 
a ferrielectric one is highly probable. At the point T * ,  one should expect the first 
order phase transition from AF state with n = 3 to AF state with n = 1 (probably 
the observed phase SmC;). But it should be noted that the difference between the 
free energies aa2 (for a non-modulated structure), f c  and f" is small. Thus, again 
the interaction term (9) between existing amplitudes Aland A3 And the hidden one 
A. can induce the appearance of the long-pitch mode in a certain temperature range 
in vicinity of the point T*.  Correspondingly, the mixing of these two SPM with 
the long-pitch mode creates the new ferrielectric state (probably the phase SmC;) 
in-between the phases AF3 and AF1 on the scale of temperatures. Depending on 
the structure of molecules, one can expect the existence of several such ferrielectric 
states, for example one can obtain the mixing of the long-pitch mode with the first, 
third or first plus third SPM, i.e., three FI phases in the situation described above 
(probably the observed phases FIN, FIL and SmC;). 

Let us consider more detailed the phase transitions between AF and FI states 
under an  influence of the long-pitch mode (the ferroelectric state) when the corre- 
sponding phase transition temperatures are close with each other. One can write the 
corresponding free energy expansion in the form 

The temperature dependence of a and b, in such a model, is shown in Figure 3 .  It is 

seen t,hat the lines a ( T )  and b ( T )  intersect at  some point T*, a ( T * )  = b(T*) = a* ,  

I a* 1 being larger than f c .  The minimization of the functional F with respect to the 
amplitudes A0 and A1 results in the equations: 

- AF state 

Ao = 0, Ai = dl fc + b I at T < TAF N T*- 1 (fc + a*)  ( d a / d T ) - '  1; ( I  i )  

-the ferroelectric state 

Ai = 0, Ao = Jm at T > TFI N T*+ 1 (fc + a*)  ( d b / d T ) - '  1; (12) 

-FI state (at temperatures TAF < T < TFI) 

AO N J I  da/dT 1 (T - TAF),  Ai N J ( d b / d T )  (TFI - T ) ;  (13) 
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a 
I 

- - - - - I L - - - - -  
- 
T 

Figure 3: AF-FI phase diagram. The temperature intervals corresponding to AF, FI 
and ferroelectric phases are separated by vertical light dotted lines 

where a smallness v << 1 is taken into account. The temperature TFI is the point of 

the transition to FI phase from the ferroelectric one, the point TAF corresponds to 
the transition from FI state to AF state, these phase transitions being of the second 
order. It is well known that a sufficiently strong interaction v results in the first 
order transit ions. 

DIELECTRIC RESPONSE OF FI AND AF STATES 

The response of various phases to actions of the field E can be described by taking 
into account the additional terms -A,E in the functional F ,  the n-modes with the 
amplitudes A,  being induced by the electric field. For example, one can obtain 
the induced amplitude A0 N E /  (TAF - T )  in AF state near the phase transition 
point T A F ,  which is similar to a FI soft mode. In fact, the response A0 cannot be 
infinite at TAF because of long-pitch modulations with the wave number 90, i.e., a 
relatively small correction of the order of h’q; should be included to the corresponding 
relaxation frequency WAF,O: 

WAF,O - 7-l [ I  d a / d T  I (TAF - T )  + I<d]  (14) 

where y is the viscosity coefficient. The relaxation strength ~ i ~ , ~  related to  the fre- 
quency (14) is inversely proportional to the magnitude Y W A F , ~ ,  i.e., ~ z ~ , ~  - (TAF - T)-’ 
must increase when the temperature comes closer to the phase transition temperature 

TAF. The temperature dependence of the relaxation frequency WAF,O is more com- 
plicated due to the temperature dependence of viscosity. The decrease of viscosity, 
when the temperature increases, can result in an increase of  WAF,^ in relatively large 
temperature interval. To suppress such a response by the BIAS field, one needs the 

larger field when the temperature approaches TAF point since the response increases 
near this point. 
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Above, in fact, we assumed that the magnitude qo is independent of temperature. 
But it is possible to consider the temperature dependence qo ( T )  in the framework 
of the SPM model. For this aim, one should add the term 

to the free energy (1)) where g is the positive constant. In such a case, one can 
calculate the corrections to the magnitude qo at temperatures close to the phase 
transition point TFI at which the amplitude A ,  arises. In the assumption of small 
amplitudes Al and finite amplitudes Ao, one obtains the expression 

QFI,O - qc*,o (1 - $4;) 

which shows that the long-pitch mode has a smaller wave number (larger pitch) in 
FI phase. If the phase transition FI-SmC* is of the first order, then one can expect, 
a coexistence of two long-pitch modes with the wave numbers qc*,o and qFI ,o ,  the 
difference (qc.,o - qFI ,O)  is proportional to the amplitude A1 squared and it becomes 

larger a.t temperatures below TFI.  In such a case? two Goldstone modes can be 
observed. The dielectric response in FI phase, which is related to the presence of the 
long-pitch mode, has the term p i / I<q&I ,o ,  where p p  is the piezoelectric coefficient. 
A general decrease of such a response, at  temperature decreasing, must slow down 
at TF,  point due to the decrease of qFI,O. 

The dielectric response of the short-pitch mode A1 (in FI and AF states) must be 
much smaller in comparison with the response of the long-pitch mode since the large 

wa.ve number 91 gives rise to large values of elastic, energy. One can use ordinary 
expressions l 7  to estimate qualitatively the effects of SPM on this response E ~ P M :  

It, is seen froiii (15)  that ESPM I is much smaller than the response pi/Kq,2 since 
q1 >> 40. Eq. (15) takes into account a flexoelectric effect l 7  which can be essential 
when the flexoelectxic coefficient pf and wave number q1 are large, this effect being 
ielated both to the modulations of azimutli (p) and tilt (0) angles of the director. 
If the value q;' is equated to a molecular length 1, the magnitude Z-iqf,/y describm, 
in  fact, some molecular motions. Of course, in such a case, the values of It' arid 

y (yp and ye) are not correctly determined, but one can expect that this magni- 
tude represents a certain relaxation frequency on the molecular level. Therefore the 
magnitude Af - (TFI - T )  in Eq. (15) describes some deviations of the relaxation 
frequency and of the relaxation strength from the rriolecular values. When the mag- 
nitude c o d  ( T F ~  - T )  is much smaller than the magnitude K q : ,  but the magnitude 
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pfq1A; is larger than p p ,  in a certain temperature range in FI phase (and even in 
AF phase), the molecular relaxation frequency is approximately constant, but the 
relaxation strength of the molecular mode can increase, at temperature decreasing, 
proportionally t,o the magnitude p2fq:Af. 

CONCLUSIONS 

The obtained results are based on the assumption that the free energy as a series 
in terms of harmonic functions of the variables q /  (q' +(-')can be cut off by two 
first harmonics. The advantage of this phenomenological approach is that one can 
follow changes in micro (short-pitch) and macro (long-pitch) -modulated structures 
of chiral smectics with molecular incli'nations. The natural limitation on the number 
of SPM is imposed by the smectic correlation length ( (by the ratio S/Z ). Due to 
the presence of small parameters (l/()and p (the weak chiral interaction potential), 
one can consider ordinary expansions of the free energy in terms of small devia- 
tions of the products ql from the rational numbers m/n describing SPM. Besides, 
they allow to consider the temperature dependence of the free energy near SmA- 
SmC*phase transition point, the corresponding narrow temperature range contains 
all the possible ferri- and antiferroelectric phases. 

There is the critical intersection point T = 0 on the temperature scale, in which 
the energies of all SPM are equal that causes a mixing (i.e., a coexistence) of many 
modes in the vicinity of this point. Alternation of ferri- and antiferroelectric phases 
near this critical point tbtally depends on material parameters of compounds. The 
existence of ferrielectric phases is determined by a neighborhood of the long-pitch 
mode in the vicinity of the critical intersection point. Relatively far from this point, 
the intersections of the energy branches of two following SPM (pure antiferroelectric 
modes) are also i n  a. neighborhood of the long-pitch inode bra.nch. Therefore the 
interactions between the long-pitch mode and two SPM can induce up to three 
ferrielectric states due to a mixing with each SPM separately or with both SPM. 
The most, simple antiferroelectric state with the shortest pitch exists at the lowest 
temperatures. 

The presented theory can qualitatively explain many of observed physical features 
of the liquid-crystalline antiferroelectricity. Other applications of this approach are 
in progress. The results of this study are compared with the dielectric behavior of 
different substances showing antiferroelectric and ferrielectric properties in the paper 
presented at the 15th ILCC by Hiller et al.". 
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