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On the Hysteresis-Free Response of 
Antiferroelectric Smectics 

- the Case of Mesophases with Long Period - 

SATOSHI TANAKAa and MAMORU YAMASHITAb 

"Department of Physics, Kinki Universiy, Kowakae 3-4-1, Higashi-Osaka, 
Osaka, 577-8502, JAPAN and bDepartment of Physics Engineering, Faculty of 

Engineering, Mie University, Kamihama-cho 1515, Tsu 514-8507, JAPAN 

In order to elucidate the hysteresis-free response (V-shaped response) observed at a transmit- 
tance of light in antiferroelectric smectic materials, the dynamical responses of the order 
parameters to an electric field are studied on the basis of an extended ANNNI model with 
J3 < 0. It is shown that the V-shaped responses appear at mesophases with long period near 
the ferroelectric phase in low frequency range. 

Keywords: Antifemelectric smectics; dynarnical responses; hysteresis-free response; 
ANNNI model 

INTRODUCTION 

In some antiferroelectric smectic materials, a V-shaped response with- 
out threshold (or hysteresis-free response) has been observed at a 
transmittance of light to electric field[lJ]. In addition, various types 
of responses such as normal, abnormal and crossed shapes, have also 
been in the vicinity of temperature and frequency range 
where the V-shaped response occurs. These responses are observed 
at Sx near SC*[3"51. The origin of the phenomena is anticipated as 
the result of a weakened interaction due to the competition between 
ferro- and antiferroelectric behaviors and to f r u s t r a t i ~ n [ ~ ~ ] ,  whereas 
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an interpretation on the mechanism of the V-shaped response is still 
con t ro~e r s i a l [~~ '~ ] .  

The present authors have studied a dynamics of metamagnetism 
with no frustration[s] as well as an extended ANNNI model (EAM) 
with 5 3  > 0 (see eq.( l))[']. Especially in this case, the effect of the po- 
larization on the cell surfaces is taken into account and the responses 
of order parameters to the external field ace studied analytically and 
numerically. As the results, various types of responses are proved 
to appear depending on two relaxation times of the order parameter 
and the surface polarization, where the V-shaped response comes out 
at the low frequency range in the mesophases near SC' and a quasi 
V-shaped one also appear at a critical frequency at  which the effect 
of the two relaxation times compensate to each other. 

Recently Takeuchi e t  al.['O] have stressed an importance of phases 
with long period near SC' and obtained the phase diagrams for the 
various values of J3 (including the negative values) in the absence of 
the external field on the basis of EAM. 

In this context, we obtain here the phase diagram in the presence 
of the external field in the case of 53 < 0, and discuss the dynamics 
of the order parameters. Alike the case with J3 > 0, the sequence of 
response shape is derived, while in the phase with the wave number 
q =1/10 a shape without darkest level is observed. 

PHASE DIAGRAMS 

In the mean field approximation, the free energy per molecule for the 
EAM can be written as["] 

where J denotes the interaction parameter in a same layer, J1, Jz 
and J3 those between the first, second and third nearest neighboring 
layers, respectively and E the electric field. The p means the period 
for the axial direction of an ordered structure and z the coordination 
number in a layer. The variable u; (= ui+np with the integer n) 
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+--In{ T -} 1+0; 
2 1-o i  

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

Let us study the phase diagrams in 53 < 0, where J/lJzl = I, 
J2/  lJ21 = -1 and J3/ lJ21 = -0.3 and z = 6 are adopted, in addition 
J1, T and E are also scaled in the unit IJzl. 

T 

Disordered Phase 

J1 

FIGURE 1 
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The Figure 1 illustrates the phase diagram; T vs. 51 at E = 0, 
where the modified phases are indicated by the wave number q. The 
solid lines show the coexisting curves, the broken one the second 
order transition line and the dotted one the instability of uniform 
phase. The modulated phases with long period (or small q )  appear 
in the considerably wide range near SC' phase ( q  = 0), compared 
with the case of J3 > O["]. The parameter J1 depends generally on 
the temperature T as J1 = ST - Jo, where S is the packing entropy 
and Jo the bare interaction. The phase diagram; T vs. Jo at E = 0 is 
illustrated in Figure 2. The A-line on Figure 1 shows the case of S=l 
and Jo=7. The phase diagram; E vs. T along the A-line is shown 
in Figure 3, where the field-induced second order transition occurs 
in the wide range of T (1/4 2 q 2 1/6), while the field-induced first 
order one occurs in the higher range of T ( q  5 1/6) near SC'. This 
fact is different from the case of J3 > 0['3"'5] because the frustration 
is enhanced in the case of J3 < 0 compared with 53 > 0. 

DYNAMICAL RESPONSES 

Next we discuss the dynamical responses of the order parameters to 
the external field. The master equations of ai(t) (i = 1,2,. . . , p )  at  
a time t are given by['] 

(3) To- = -0, t tanh(P < hi >) + f i ( t )  

hi = zJ0; t Ji(a;+i t 0 i - 1 )  t Jz(~;+z t 0;-z) + J3(0i+a t 0;-3) t E(t ) ,  
(4) 

where r0 is a relaxation time of the order parameters and fi(i!) the 
random force acting on a;(t). The E(t )  is an effective field including 
the effect of polarization on the cell surface[I6]. For the sinusoidal 
external field with the frequency w;  Eex(t) = Eeo sin(wt) , the E( t )  
is given by 

do* 
dt 

E(t)  = Eo{sin(wt t 6,) - sinBsexp(-t/.rs)), (5) 

where TS is a relaxation time of the polarization on the cell surface 
and Eo and 6s are defined by 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 2
3:

01
 1

5 
A

ug
us

t 2
01

2 



ON THE HYSTERESIS-FREE RESPONSE [2653]/801 

where c is the parameter less than unity. 
If wro is small enough, then o,(t) can follow the change of the 

effective field E( t )  instantaneously and the response is characterized 
by the static property. While, in the case that WTO is not so small and 
Eo is large enough compared with the critical field E, ( E  in Figure 3), 
o,(t) becomes the uniform value oo(t) except for a quarter period in 
the beginning, which delays from the change of E( t ) .  Consequently, 
after sufficiently long time it is adequate to assume the following 

; 
oo(t) M UA sin(wt + 0s - S o ) ,  (7) 

where Oo is determined by the following form; 

tanh{ sin 0, tanh(PEo sin 00)) 
3 (8) 

1 
- t anOo- l=  
WTO cos go tanh(PE0 sin 60) 

where j = ZJ + 2(J1 + J2 + 53). At the point 8 s  = 60 (w = w,), 
oo(t) viblates in phase with Eex(t), as the result the quasi V-shaped 
response appears. In the case of w > w, (or w < we), the response 
becomes normal one (or abnormal one). 

Now we study the dynamical responses of the order parameters 
a; numerically, in which three phases along the A-line (see Figure 1); 
two mesophases with long period q = 1/8 (T = 10.6) and q = 1/10 
(7' = 11.6) and the AF phase with q = 1/4 (7' = 6) are analyzed for 
different values of wr0. The parameters; r,,/ro = 100 and E,o = 6 are 
adopted. 

The Figure 4 shows the responses of the mesophase with q = 1/23 
which is expected as Sx, where upper figures illustrate the oi vs. 
Eex(t) and the lower ones the 1001 corresponding to  the transmit- 
tance of light. The sharp and V-shaped response with small hystere- 
sis appears at fairy low frequency beca;se of the field-induced first 
order transition (see Figure 3) and of P J  = 1. As wro increases, the 
structure of the sublattice disappears gradually and finally the nor- 
mal response appears. Among these responses, two quasi V-shaped 
responses is observed at w = wcl and w = w,2. 

In the case of the mesophase with q = 1/10 near the ferroelectric 
phase, 1001 vs. Eex(t) is shown in Figure 5 ,  in which the responses 
become the normal ones even at  low frequency and show the charac- 
ter of the ferroelectric one because PJ (= 1.06) is larger than unity. 
This tendency becomes larger as wr0 increases. These responses have 
been already observed by experiment (see Figure 3(e) in ref.[4]). 
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FIGURE 4 D
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FIGURE 5 

FIGURE 6 
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The responses of 1go1 in the AF phase with q = 1/4 are also 
shown in Figure 6 in order to compare with the mesophases with long 
period. The tri-stable responses characterized by the antiferroelectiic 
ones appear at low frequency, especially at WTO = 0.01, the structure 
of sublattice appear only near Eex(t) = 0, then the complex response 
such as crossed one is exhibited. 

SUMMARY 

Dynamic response of antiferroelectric smectics as well as static prop- 
erties are studied mainly at mesophases with long period near SC' 
on the basis of extended ANNNI model. The change of the response 
shape with the increasing frequency reveals the similar behavior as 
the one obtained previo~sly[~~~l ,  while for the phase with q = 1/10 
the ferroelectric response is reproduced, which corresponds to the 
one observed experimentally at SX[~]. 

For the high frequency at which the sublattice structure is lost 
after an initial period, the response is described by the uniform or- 
der parameter o0(t)  which is governed solely by the effective field 
I[']. Eventually, the response is related closely to the ferroelectric 
critical line, P J  = 1, together with the instability line of the uniform 
phase shown by dotted line in Fig. 1. The threshold frequency, be- 
yond which the initial sublattice structure is lost, depends on this 
instability line. For the parameters chosen at the phase with q = 1/8 
( P I  = l),  the uniform phase is unstable, and under this circumstance 
no sign of hysteresis is observed in Figure 4. On the other hand for 
those at q = 1/10 (PJ = 1.06), the uniform phase is stable and two 
phases with orders, oo and -aO, coexist at the vanishing value of 
the field, while the periodic mesophase is a true equilibrium phase. 
Thus, the V-shaped response occurs for the case PJ 5 1, and the 
shape can be interpreted as belong to the Langevin even 
though we have no ground to conclude that the phase in the absence 
of the electric field is the ramdomized phase. 

In the present study, response of mono-domain is exclusively con- 
cerned. The importance of the effect of walls to disturb ferrielectric 
phase and SC' has been pointed O U ~ [ ~ " ~ ] .  In this respect, the response 
of the system with inhomogeneity due to the wall is an interesting 

problem to be challenged. 
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