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Dielectric investigation of electrically oriented ferroelectric smectic mixture CS-1013
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From dielectric spectroscopic study, a first-order ferroelectric phase transition has been observed in ferro-
electric smectic mixture CS-1013 having the phase sequence CSBmA-N* -Iso. Frequency100 Hz-10
MHz) and temperature-dependent dielectric measurements have been performed on an electrically aligned
sample(thickness 151 um) gold coated on glass plates. In the unidirectionally aligned sample, two dielectric
relaxation modegGoldstone mode and soft modeave been clearly observed in the ferroelectricC3nphase
while only one relaxation modésoft mode is visualized in the paraelectric $mphase. Low-frequency
molecular relaxation was also observed in the smectic phases. The experimental results have also been ana-
lyzed at different temperatures and biasing voltages for an understanding of the dynamics of dielectric pro-
cesses in the ferroelectric phase. Finally, we proposed the “pseudospin” model for understanding the
ferroelectric-antiferroelectric transition in liquid crystals. We associate the tilt afgled the pitch of the
helix, respectively, with biaxia(b) and uniaxial(u) anisotropy parameters as fluctuating parameters around
their stability limit (corresponding to the crystalline valyeblere, the director acts as the pseudospin variable.
This gives rise to a transverse Ising tyfme anisotropic Heisenberg model under the mean-field approxima-
tion). It is then shown that such a model with fluctuationglf and (u) would explain the ferroelectric and
antiferroelectric phase transitions in such liquid crystals. Using Landau theory and the stability conditions, we
have also shown, in brief, the feasibility of different types of phase transitions in the ferroelectric liquid crystal
system.
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I. INTRODUCTION ing and important as these materials have a large tilt angle
(6) that do not depend greatly on the temperature and, there-
After the discovery of ferroelectricity in some liquid crys- fore, these FLC materials could be good candidates for pre-
tals[1,2], it has become one of the most attractive fields ofparing Electro-optical switche$11], guest-host displays
current research on ferroelectric ||qu|d Crystard_c) be- [12], etc. It has already been shown that in a FLC, the Lan-
cause of their technological, as well as fundamental interest§lau rznodel for thze Zfree energy may be expressedras
Study of dielectric response in FLC showing the =7Ps-@Ps0-yQP;6°+ 6P5 where 7, v, and & are con-
SMC*-SmA phase transitiofi3—9] indicated two main re- Stants, ¢ is the piezoelectric bilinear coupling coefficient
laxation modes. One is the Goldstone ma@&M) in the [13], and(} is the biquadratic _couplmg coefficient inducing a
SmC* phase arising because of the phase fluctuations in thansverse guadrupole coupling. _ _ _
azimuthal orientation of the director in the vicinity of In the present paper, we report the dielectric spectroscopic

. ) . . "
SmMA-SmC* transition point. The other mode is the soft study in a typical FLC(viz. CS-1013 in the SnC®-SmA

) o phase—showing first-order phase transition and having the
mode (SM), which appears only at a transition temperaturefonowing phase sequence, viz.,

and a few degrees below the transition temperature in the

SmA phase. The soft mode appears because of the fluctua- Cr-U.K-SmC*-63°C-SnA-70°C-N*-80 °C-Iso.

tion of the amplitude of the tilt angle. It has also been shown

theoretically and experimental[iL0] that in a FLC mixture, ~Frequency(100 Hz—-10 MHz and temperatur¢29-82 °Q

the SM may appear in both phases very close to the transflependences of different mpdes have begn investigated. The

tion temperature (S@*-SmA*). While studying the phase FLC of our present paper is par.t|cularly important because

transitions in FLC, it has also been observed that mainly twdhe ferroelectric transitioricrystalline to chiral phagetem-

types of ferroelectric liquid crystals are generally found. ThePerature(~35°C) of the sample is very close to room tem-

first one showing second-order phase transition has the phaBgrature. We have also suggested a pseudospin-type model

sequence from crystallinéCr) to a highly ordered smectic for the phenpme_nologlcal explanathn of the f_erroelectrlc

phase such as SmH, $achiral smecticC (SmC*) —smectic phase transition in FLC _by con_S|der|ng_ fluctuations of the

A (SmA) —chiral nematic 4* ) —isotropic(Iso). On the other model parameters associated with the tilt angle.

hand, the second type of FLC showed first-order phase tran-

sition has the phase sequence of CreSmN*-lso. The

FLC showing first-order phase transitions are very interest- The ferroelectric smectic mixture CS-1013 used for the
present measurement was prepared by Chisso Petrochemical
Corporation, Japan. The basic parameters of this FLC are

* Author to whom correspondence should be addressed shown in Table I. The shielded parallel-plate capacitor hav-

II. EXPERIMENT
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TABLE I. Some important parameters of the CS-1013 ferroelectric liquid crystal.

Spontaneous polarizatiofP) 25°C —15.0 nCcm’2
Tilt angle (6) 25°C 26°

Helical pitch in theN* phase ~T\® 38 um

Helical pitch in the Sr&* phase 25°C Gum
Response timér) 25°C,E=*10V/um 739 usec
Rotational viscosity(7?) 25°C 1282 mPas
Optical anisotropy 4n) 25°C,A =546 nm 0.12

aT meansN*-SmA just above transition temperature.
Byo= nlsir? 6.

ing a thickness of (1%1) um was used for dielectric mea- We see that the Goldstone mode has disappeared. This is
surements. Gold-plated electrodes were made on glass plategcause of the low-frequency relaxation caused by the ion
by the sputtering technique. The active area of the cell is 3present in this sample. The experimentdl data are fitted
mn?. The cell was filled with the desired FLC sample by thewith the following equatiorj15,16:

capillary action technique in an isotropic phadet]. We

used a stabilized low-frequency &e1.67 kV/cn) field for n__ % 1)
better alignment of the sample for about 75 minutes. Dielec- gow’ ®’

tric measurements were carried out by a computer-controlled

Hewlett Packard 4192A impedance analyzer haVing a frewhere 50 ands are the f|tt|ng parameters a% is the di-
quency range of 5 Hz—13 MHz. The temperature of theglectric permittivity in free space. The solid lines in Figs. 5
sample(between 25 and 85 9Gwvas controlled by a Euro- and 6 represent theoretical fitting curves with Et). The
therm (Germany controller with an accuracy of0.1°C. frequency exponer(B) is found to be 0.131 and 0.128, re-
spectively, for the Svh and SnC* phases. These valuesof
indicate hopping conduction behavior of the carrigi6] in

the sample. The estimated valuesdgfare 2.06< 10 ° and

A. Dielectric study 8.32x10 () cm™?! respecitively, for the Sk and SnC*
ases.

So far, we have discussed quantitatively the temperature
and frequency dependences of two components of dielectric
permittivity ¢’ and &” showing dielectric anomaly in the
ferroelectric phase of the CS-1013 mixture. We are present-
ing below the dielectric relaxation processes in terms of the

Ill. RESULTS AND DISCUSSION

In the following paragraphs, we discuss the dielectric reph
laxation processes in the 2mSmMC* phase of the ferroelec-
tric smectic mixturgCS-1013 which exhibited spontaneous
polarization at the temperature 25°C Py
=-15.0nCcm?. To study the dielectric relaxation pro-
cesses showing up in the &h phase due to the Goldstone
mode, precise measurements of the complex dielectric per-

mittivity (e* =¢’—ie”) have been made in the frequency 40 [T A T & F req tkHz |
range 100 Hz to 10 MHz. Figure 1 represents the tempera- sl Yo R

ture dependence of the imaginary part of dielectric permit- I &0, Oi F;req..1§0kH2j
tivity (&”) obtained at two different frequencié$ and 10 a0k o 5 L : J
kHz) for the Iso,N*,SmA,SmC*, and crystalline phases. It | o o |

is seen from this figure that the 2SmMC* phase transition sl @ o0 o | i
is very strong(large shifj. Figure 2 showed the real part of : %0 ° D° N+ 1sO
dielectric permittivity ') in the SnC* phase, without bias - S ® §SmA .
field, as a function of frequency for three different fixed tem- W .l 1
peratures. The contribution ef is coming from the Gold- 151 SmC y
stone mode for the ferroelectric smectic mixt@s-1013. I L

It is observed that the Goldstone mode is present upto the 0F = EFFp:n_-chE&th
SmA-SmMC* phase-transition point. It is interesting to note 5'_ E%dml%qn i
that after applying a bias field of 1 V/1pm, there is a |
certain change in the dispersion curve. Figure 3, obtained for ol ‘5’@‘95 1 ]
the SnC* phase, indicated strong bias field dependence of el A . Lbesnrisniens b,
the dispersion curve. In Fig. 4, we have shown a typical plot 3 40 50 60 70 8 90

of the imaginary part of dielectric permittivitye() as a
function of frequency at three different temperatures for the
SmC* phase. This figure also exhibits the presence of three FiG. 1. Temperature-dependent dielectric 1689 of ferroelec-
relaxation modes, namely, Goldstone mode, soft mode, angic CS-1013 for two fixed frequencies showing different
molecular mode. Interestingly, for the &nphase(Fig. 5), mesophases.

Temperature (°C)
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FIG. 2. Frequency dependence of the real part of dielectric con- FIG. 4. Frequency dependence of the imaginary part of dielec-
stant(e’) in the ferroelectric SIB* phase at different fixed tempera- tric constante”) in the ferroelectric SIG* phase at different fixed

tures at zero bias. temperatures.
Goldstone mod¢17,18 and soft modd19]. The dielectric R 8§’8°°17 @
spectra of the S@* phase of the CS-1013 mixture mea- 1+(lw7)"

sured in the frequency range 100 Hz—10 MHz clearly indi-
cated (Fig. 1) the para to ferroelectric S/aSmC* phase Wherees is the static dielectric constant,. is the high-
transition occurring aff =63 °C. The dielectric spectrum frequency dielectric permittivityr(=1/2wf;) and« are, re-
connected with the Goldstone mode has been shown in thgPectively, the dielectric relaxation time and the distribution
form of the dispersion and absorption curves in FRy& 4  Parameterf. is the relaxation peak frequency. Solid lines in
as discussed above. The corresponding Cole-Cole diagraridd- 7 @re the theoretical fitting curves with Eq. 2. Table Il
near the SMA-SmC* phase-transition region is shown in contains the.correspondlng fitting parameters for the Gold-
Fig. 7. We first fit the experimental point®) and A) with ~ S1of€ moden the SOf phase. =~
Cole-Cole modificatiorf20] of the Debye equation written may be seen from Figs. and_ ained for the
as phase that there is a pronounced dispersion near 5 kHz con-
nected with the Goldstone mode. However, near theASm

100

50
1 T=56C
_ 0
wo L 2 T=602C w©
3 T=622°C

30

20

10

Log,, f (H2) Log,f (Hz)

FIG. 3. Frequency dependence of the real part of dielectric con- FIG. 5. Frequency dependence of the imaginary part of dielec-
stant(¢’) in the ferroelectric SI8* phase at different fixed tempera- tric constant(¢”) in paraelectric St phase at 64.0 °C. The solid

tures with biag=1.0 V). line shows the conductivity contributidaccording to Eq(1)].
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200 TABLE II. Dielectric relaxation parameters corresponding to
the Goldstone mode.

T (°C) v (H2) 7 (us) &g £, o
150
\ 56 5623.41 28.3022 88.768 28.08 0.0127
58 5011.87 31.7555 87.93 24.51 0.0314
60.2 5623.41 28.3022 79.137 26.957 0.009
100 62.2 5623.41 28.3022 77.17 21.064 0.0286

It is well known that in polar liquid crystals, two principal
molecular reorientations, viz., the reorientations around the
short and long molecular axes, generate separate dielectric
relaxation regions falling within radio and microwave fre-
quency range$21,22. From our experimental data, it is
clearly seen that both molecular motions give contributions
to the dielectric permittivities. In this case, the molecular
relaxation in both SrA and SnC* phases have the same
frequency range near MHz region.

FIG. 6. Frequency dependence of the imaginary part of dielec_ ielh:s ?;{?nséggﬁ mg; agg ttl:‘rz 3?2 rr;&cti:dci::tlgg) fgrgquen-
tric constant(e”) in the ferroelectric SI&* phase at 60.2 °C. The P P ~BY

solid line shows the conductivity contributidmccording to Eq. plotting the soft mpde lecal freque_ncyzi)_ as a function of
], temperature, straight lines are obtained in the t_)oth paraelec-
tric (SmA) and ferroelectric (S@*) regions[Fig. 9b)].
This result may be explained by molecular-field approxima-
—SmC*) transition region, another mode is present, whichtion [23]. According to this approximation, the critical fre-

is knows as the soft mode. But for the present sample itguency of the soft mode should follow the following rela-
dispersion takes place at much higher frequencies near Sfbn:

kHz. In the S\ phase(Fig. 5), the Goldstone mode disap-
pears and the soft mode contribution appears. One may con-
clude from the temperature-dependent dielectric consta
data(Fig. 1) that a ferroelectric first-order phase-transition
course at 63 °C. In Fig. 8, the soft mode is presented in th
form of Cole-Cole modification of the Debye equati®)

for the SnC* and Smi\ phase, respectively. The scattered
points in Fig. 8 represent the experimental points and th
continuous line represents the theoretical fit with &). The
fitting parameters have been shown in Table IlI.

50

Log,f (HZ)

vi=a(T-Te)+b, 3)

WWherea andb are constants. According to this approxima-

tion, the slope ratio is predicted to be two. In the case of the
©5-1013 mixture, the slope ratio is about 1.106 and the in-
tercept is of about 60 kHz. So, the frequency of the soft
mode extrapolated to the transition temperature at zero-
fhomentum transferq=0) has a finite value and this cor-

roborates the theory. However, the ratio of the slopes is
44.7% lower than the theoretical value. The two soft mode

60 15 N
1 T=56°C
1 T=56"C 2 T=622°C Smc*
L _ 0, 10 "
50 2 T=62.2C 2825,
s 1 T=63°C -, f LN
e w0l2 T=65°Cc ° /
3 T=68°C J
- 10 20 \ 30 40
- W o €
= 1
5L .
D SmA
3
1 n 1 i
100 0 5 10 15 20 25 30
g' g

FIG. 7. Cole-Cole diagrams obtained for the Goldstone mode in  FIG. 8. Cole-Cole diagrams obtained for soft mode in theC3m
the SnC* phase. and SnA phases.
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TABLE llIl. Dielectric relaxation parameters corresponding to the soft mode.

Phase T (°C) v (Hz) 7 (us) R g, a

SmC* 56 44 668.35 3.56 33.29 7.37 0.2067
58 44 668.35 3.56 445 6.16 0.41
60.2 44 668.35 3.56 32.41 8.06 0.317
62.2 56 243.35 2.83 28.07 7.71 0.106

SmA 63 63095.72 2.52 21.28 0.637 0.184
64 70794.56 2.25 20.211 0.839 0.41
65 79432.8 2.0 19.45 1.71 0.3433
66 89 125.07 1.786 18.18 1.66 0.359
68 99 999.97 1.59 17.27 0.53 0.4496

branches of the relaxation frequency in Sinand S mined experimentally andc observed from texture indi-
phases in the present FLC meet at the Curie temperatugates small biquadratic coupling for this ferroelectric smectic
Tc=63.9°C which is about 0.9°C higher than tfig mixture. We suggested below a theoretical model for the
(=63°C) observed from texture study under polarizing mi-analysis of the ferroelectric phase transition in a liquid crys-
croscopd 24]. This indicates that th& obtained from the tal.

extrapolation of the two relaxation frequency branches of the

soft mode in Si&* and S\ phases are almost equal within B. Suggestion for a pseudospin model for the study of
experimental error. The very small difference Bf (AT  ferroelectric and other properties in ferro and antiferroelectric
=0.9°C) between texture and dielectric studies might be liquid crystals

agsociated_with the less importance of the biqua_dratic COU- The recent discovery of ferroelectri€E) and antiferro-
pling term in the present ferroele*ctnc CS-1013 mixture. g jectric (AFE) or ferrielectric(Fl) behavior in liquid crystal-
_Thus, in the present SSmC* phase of the CS-1013 e materials is very interesting as well as important. Ferro-
mixture, the observed high contribution to the dielectric per-gjectric and antiferroelectric phase transitions in crystalline
mittivity was assigned to the Goldstone mode showing anids as in many hydrogen bondéd-bonded systems are
Arrhenius-type behavior of the .c.ritical frequency. In the vi- very well known[25]. The FE and AFE properties in crys-
cinity of the SnA-SmC* transition point, the Goldstone i5)jine materials have been well represented using the con-
mode contribution to the dielectric constant is almost CONtept of spin(better called “pseudospin’in analogy with
stant. The little deviatiorfaround 0.9 °C betweenT . deter- magnetic spin. The pseudospin concept in FE was first intro-
duced in crystalline medium by De Genng6] and Blinc
and Zeks[27] and subsequently such a pseudospin concept
. has been widely applied to many FE and AFE crysfaig
g with success. During the last decade, different theories of FE
g and AFE structures in different compounds and mixtures
@ e have been proposd@8-33. In many binary mixtures, for
example, MHPOOCBC and EHPOCBC, different possible
phases are observ¢d2,34. These phases are designed as

110

3
8

-0 GM ?

o SM

2
3
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smc*
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Chitical Fequehcy (KM2)

Jeatetereceluseatelelele]

80

o

WTTETTE SMC,-SmC’ -Fl-AF-SmC7 -SmA. The phase S@a* is

Temperature (°C)

considered as a coexistence of a variety of FE and AFE
structure[35-37. However, the origin of such fluctuating
X phases is not very clear. The appearance of the
Fl.-Sm,-Fl A was described by one-dimensionélD)
Ising model with long repulsive interactiof84]. But 1D
Ising model is not at all sufficient to describe the quasi-2D or
3D character of the FLC. Isozaki and coworké¢ggl] sug-
_ . _ . _ . _ _ gested that this sequence of phase transitions revealed the
8 B 4 =2 0 2 4 6 8 devil's staircasg¢ 38,39 intrinsic to these materials. Further-
7T (C) more, they also tried to interpret the successiveC3nio
© SmCj phase transitions by the devil's staircase occurring in
FIG. 9. () Variation of critical frequency of Goldstone mode the Ising model with long-range repulsive interaction
and soft mode with temperature in §h and SnA phases.(b) [38,39. Here, the Ising spins are considered to represent not
Temperature dependence of the soft mode critical frequency in tha real molecular state, but the pair state of two neighboring
vicinity of the SmA-SmC* transition of the ferroelectric smectic layers. This is actually the “pseudospin” concept, men-
mixture (CS-1013. tioned above, used by several auth8§,27] to explain FE

70 -
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Critical frequency (kHz)

50 |
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or AFE phase transitions even in nonmagnetic hydrogenAFE phase in SI8* is the cause of these fluctuations. The

bonded crystals. The repulsive interactions between twductuation effect in the dynamics of liquid crystals was

separate pairs of systems used by Matsunettal. [40] are  treated by Kat$42].

quite arbitrary. However, recently, Yamashita and Miazima In the present paper, our plan is to investigate the ferro-
[41] used another type of devils’s staircase model, the axiaglectric phase transitions in FLC with a transverse Ising type

next-nearest-neighbor Ising mod@&NNNI), viz., of exchange Hamiltonian containing uniaxial and biaxial pa-
A A rameters as mentioned above. Using the Landau theory, we
H=—J:3jj010;— 3,2 0i0— J33{joi07, (4 have also attempted to explain, in brief, the nature o{f6E

J>0) and AFE(for J<0) phase transitions. The calculations
for polarization, transition temperature, etc., are made using
where the spin component, takes values+1 andJ values  statistical Green’s function technique in the domain of the
are exchange parameters, the sign and magnitude of whighean-field approximation only.
designate the ferro, ferri, or antiferroelectric phase transi- Let us now consider a model Hamiltoniganisotropic
tions. In this model, the AFE second-neighbor interaction isHeisenberg model or a transverse Ising model with higher-
considered negativeJ&0). Yamashita and Miazim41] order term$ containing a pseudospin variable along the di-
also pointed out that in the absence of an external field, byector ase; (with componentss}, o}, and,of, say and
adjusting the coordinate system to the helix of chiral smetic$iniaxial parametergu, which varies with the pitchand bi-
and changing it along the helical axis, the state of the layer ifxial parametetb, which varies with the anglé) having a
different phases may be expressed only by two points on th&/mPplified form
projection spac@z, corrgsponding to the d?rectio_ns of incli- H=— uE 0253, 07— U3, (09)2— bEij(UiX)z—EJij(Ui i),
nation ofn, the director field considered uniform in a smec- 5
tic layer. They, however, did not give importance to the
change of the angle betwe@nand the layer normal at the where u is the electric-field[E) -dependent dipole moment
phase transitions among ®mSmCa*, and SnC*. This  along of, u is the magnitude of the uniaxiality parameter
model[Eq. (1)] actually used the fluctuation of the exchangerepresenting single-molecular anisotropy in #direction of
interaction only to show different phase transitions in liquid polarization(a measure of the magnitude of piich is the
crystalline system of interest. magnitude of the biaxiality parameter representing single-
However, we believe that there is close resemblance beénolecular anisotropy transverse to theirection(a measure
tween the FE or AFE phase transition occurring in manyof the angle) and(J;;>0 for ferroelectric transition anet0
H-bonded crystals and in the FE or AFE liquid crystals, andor an_tlferroelectnc interactions th.e effect|v_e.exchange in-
the phase transitions in the liquid crystalline state could bderaction between the pseudospidipoles or it is a measure

due to the successive fluctuations of tilt angle and magnitud@f the interaction strength between u antbbpitch andf) at

of the pitch with change of temperature or other stimulatings'teSI and]. All the three parameters u, b, adare fluctu-

agentssuch as electric field, pressure, &t&o if some vari- ating parameters and they are not totally independent of each
. ; . other with change to temperature, pressure, and other exter-
ables related only to the tilt angle and the pitch are intro-

duced in the expression of the Hamiltonian describing the Fé]al s_tlmulanons. For the purpose of our calculat|qn, we may
S . . ._consider these parameters as independently variable param-
or AFE phase transition in crystalline medium, one may in-

vestigate the features of FLC, in general. In this case, a spiﬁter.s' In order t_o make thg Hamiltonian C‘?”"ef“e”t fqr the-
oretical calculation, mean-field type approximatidfFA) is

Hamiltonian may be used to describe FE or AFE phase tran—erformed so that Eq(5) may be expressed as a sum of
sitions in liquid crystals. Here, we should note that both tiltP ‘ y P

angle and the pitch are temperature-dependent fluctuating pg_ngle-molecule Hamiltonian, viz.,

rameters. Such fluctuations in these parameters will defi- H=3 Hq(i 6

. . . i O( )1 ( )
nitely causeg(or will be responsiblefor the change of polar-
ization and also the exchange interaction between thevhere
dipoles, and hence, different types of intermediate phase
changes would be possibles in the Yamashita and Miya- Ho=—uof—u(o))?=b(0})?-23J;Psof,  (7)
zima theory with Eq(4)] depending on the stability condi- ] ] ]
tions. For this purpose, in the present paper, we are interesté¢hich has the form of transverse Ising model in presence of
to find a form of the pseudospin-type model taking into con-electric field. To find the statistical averagesdff,o}, etc.,
sideration of the tilt anglg#d) and pitch or wave number, We used the statistical Green’s function technique of Zubarev
respectively, as biaxialityb) and uniaxiality(u) parameters [43] similar to our earlier worK44] and the spectral theo-
(representing biaxiality and uniaxiality of the liquid-crystal rem. The higher-order Green’s function are decoupled by the
moleculd in the Hamiltonian. Here, it is worthwhile to men- RPA  (random-phase-approximatijpn type decoupling
tion that both u and b are temperature- and/or pressuréscheme[45]. Using this Hamiltoniar{Eg. (7)], the average
dependent fluctuating parameters and the pitch and our irspontaneous polarizatid® related to the statistical average
tention in this section is to show that the said fluctuationg o?) is expressed as
will give rise to different phases in the liquid crystalline ma-
terials of our interest. The coexistence of a variety of FE and Ps=(of)=Trexg —BH,o7{]/Trexp(—BH). (8

051708-6



DIELECTRIC INVESTIGATION OF ELECTRICALLY ... PHYSICAL REVIEW E64 051708

() indicates statistical average of of the enclosed operator, d(— BF)a(Bu)=NPg,d(— BF)/d(Bu)
B=1/(kgT), kg is the Boltzmann constant aridis the ab-
solute temperature. The corresponding energy spectrum with =Nr,,d(—BF)/d(BKn)

the Hamiltonian is given by — NP2
S

Eo=—2b and E;,=—u—b=xA, . . . .
0 12 whereN is the number of dipolar molecules or ions in the

system. Using Eq9¥8) and (11), we may write the free en-

N=[p+2Pind+b?]"2 (83 ergy (at zero external fieldas
We have used, for simplicity)=2 J;; as the interaction f=F/NK=P2—(1/8J3)In[exp(2BU)
strength between theth site and each with its; nearest S
neighbor. We also uséo{)=(of)=o. Now, following the +2 exd BIp)cosh2B)(P2+B22)Y2], (12
standard procedufd5] the expression for the average polar-
ization [from Eq.(8)] comes out to be of the form where the parameterd=gN kg. B=b/N kgJ, ¢=J+U
andU=u/NJ.
Ps~[1—(b/\)?][tanhBN/(1+exp{— B(u The ferroelectric transition temperatufie ((¢?)—0 atT
“b)}2 coshBn)]. (92 —T,) is obtained from

At T=T. (ferroelectric Curie temperatureEq. (9a) gives 2[sin(5:B) ~costi 5 B)]=exp[—,80J(D—B)],(13)

the ferroelectric transition temperature, viz.,

where 8.=1/kgT,.

Within the mean-field approximation, the Landau theory
[47] of phase transition is generally used. The free-energy
difference between the finite and zero polarization state is
given by

tanhBchc/(1+exy — Bc(uc—be)}/2 cosliBchc) =0,
9b)

where the suffixC indicates values at the transition tempera-
ture. The expression of spontaneous polarizafieg. (9a)]
can be fitted with the experimental data of FLC. This expres-
sion is similarly valid for the solid materials where there is
no fluctuation of the parametefsne obtains only single sets
of fitting parameters Thus, we see from Ed9) that Pg is =P2—(1/BJ)In[{exp — BI¢) + 2 cosli23I) (P2
dependent o andb, i.e., pitch and the tilt angle, respec- 011/

tively. J is introduced through. So, from fitting of the ex- +B%4)Y%/{ext(— BI¢) +2 coslipIB)}]. (15
perimental data of polarization, transition temperature, etc.

with Egs. (9a), (9b), it would be possible to get the static One can compare E@15) with the following Landau equa-
values of the tilt angle and the pitch or wave numbers ation:

various temperature, pressure, etc. However, we did not at-

Af=f(Pg)—f(Ps=0) (14)

tempt for such calculations in this paper, as our intention is Af:ap§+ yP§5P§+(higher-order terms
to show applicability of such a pseudospin model for ex- S
plaining ferroelectric and also successive phase transitions. X(neglected for simplicity, (16)

The dielectric susceptibility may also be calculated for the

statistical Green’s function using Kubo'’s thed#g], which  whereq, v, and§ are usual parameters that may be obtained
will be shown elsewhere. The average value of the square dfy expanding Eq(15) in powers of polarization and then
single-site polarization is a measure of short-range order ikomparing with Eq(16). These parameters are functions of

FLC may be written as J, u, and b. For a second-order transition, one has0,
which gives
ro={(of)?y=tanhBN/[1+exp{— (B(u—b)/2(coshB)}],
(10 exp(BJ¢)+ 2 costiBIB) — (4/B)sinh( BIB)=0.
(163

where(o?)?) is the short-range order parameter depending

on uniaxial and biaxial parameters. Again, the additional condition for the second-order transi-
To study the nature of the phase transition, the free energgion is y=0 or

of the system(F) may be obtained from the MFA using the

following equation: exp(BIL)=<[sinh(2BL)]/BB cosh23Bb)sinh BB),
17
—BF=Inexp—pB). (11

where (=U —B) must hold. When the second-order transi-
Therefore, one has from free energy tion becomes first order, the above inequality becomes an
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equality. This is the critical point denoted by the suffix-or  the two types of anisotropy parameters would be opposite in

this critical point to appear one ha>0 or sign. For the minimum values &f, the straight line nature of
) 5 5 the curve is indicated from the solution of E&1). In case
3 petcosi BIcBe) I7(BIc(BL)(1/B) of no biaxial anisotropyi.e., tilt angle independent or con-
212 1m 2 L 212/nd stan} first-order transition takes place in the rangel.5
+L(BLII3BL)SINN(BcBe) — (BcI7B)cost BeIBe)] <U.<-1 and 0<(B.J) '=<0.75 (approximately.
—32(B.Jc/B.)? sinh BeJBo) I[ e+ cosh B.B) ] It is further noted that for different values &f and B,
_ both first- and second-order phase transitions are observable.
X{BcJe(Bc)cosh BcJcBe) — (1/Bc)? sinh( B.J:B.)} For the critical value oB larger than that of the first-order
. transition, polarization curves continues from zero to one.
+{4B:3.(27B)sinh B.J;B.)} >0, (18) ’

However, as the critical value @& increases, the possibility

of first-order transition increases. For the critical value of

where .= —(U,—B)/2, B.=1ksT, (T, is the critical greater than those of the critical values of the first transition,
C C C ’ Cc Cc C

temperature Now, from the minimization of the free en- polarization jumps from zero to higher values. Here, there

ergy, one has to find the thermodynamic stability using the&EXists the possibility of tricritical behavior under pressure or
foII0\,Ning condition: other external field. The situation resembles that of solid-

state ferroelectric material KIRQ,[27] where similar tric-
ritical behavior has been observed under pressure. Thus,
from the present theoretical model with uniaxial and biaxial
anisotropies, one could expect tricritical behavior even in
FLC, which was already reportg@7].
) ) Finally, we should note that the fluctuations Bfand U
9°f1oPs=0. (19b parameters, which are functions of the tilt angle and the pitch
of the FLC, affect the polarization, and hence, in the appear-
ance of the sequence of phase transitions observed in the
IﬁBresent CS-1013 and similar other systems. Interestingly, the
combined effect of fluctuations of bohandU may also be
used to show the re-entrant polarization behavior in FibGt
2[1+2BI(Pi+B2/4) Jtanh(283) (P + B2/4) Y2~ 45J(P; shown in this papér Further, to note that using the Kubo
+B24)12=0 20) theory[46] and standard relations, one may calculate dielec-
: tric constant, piezoelectric coefficient, etc., which would be

For the thermodynamic solution &, the above inequal- discussed elsewhere. o _
ity [Eq. (20)] must be satisfied. When the equality holds, the In conclu5|on,_|t is suggestec_j thgt within the constraints of
solution to Eq.(20) gives a line of critical points for a given the MFA, the Heisenberg Hamiltonidor a transverse Ising-

value of B, which is a function of the tilt anglés), in par- type model with uniaxial and biaxia] anisotrop_ic terms.may
ticular. To investigate the first-order transition as the temP€ used to study ferroelectrior antiferroelectrig behavior
perature approaches zero, the free-energy differendy is in Ilquu_zl crystal_s. I_:Iuctuanons in both the t_||t angless_OCI-
expanded in the limit thaP.—1 (maximum and BJ— ated with the biaxial parametd8) and the pitch(associated

(maximum). This expansion gives a maximum value for the With _the uniaxial parameteru)_ around thgir mean values
U parameter, viz. (equivalent to the corresponding crystalline vajubave a

large effect on the polarization, the nature of phase transi-
. tion, and phase behavior of the system. Moreover, consider-
|Ulmax=B—1+2(1+B%4)'2 with 2(1+B%)2>|U] ation of thpe fluctuation of these tw)(/) parameters in the Hamil-
>B. (21) tonian would cause the polarization to go from continuous to
discontinuous values. Simultaneous fluctuations of ®th
The solution forEq. (20)] gives a family of stability curves andU might also exhibit many features in liquid crystals.
asB increases from zero. It is found that the thermodynamic
solutions forPg exist above such stability curves. For a criti-
cal value ofB, there is a critical value gBJ (the normalized
critical temperaturefor P— 0. The values oU are the criti- One of the author$B.K.C)) is grateful to the AvH Foun-
cal points for the first order transition in a FLC. Here, we dation Germany, for providing the HP4192A frequency ana-
should note that the biaxial parameter, i.e., contribution fronlyzer and the Eurotherm temperature controller used for this
the tilt angle variation, must not be an appreciable functionvork. One of the authoréS.K.K)) is also grateful to CSIR,
of the uniaxial anisotropy parameter, i.e., pitch or wave num-Government of India, for financial assistance. The authors
ber. Otherwise, dipolar ordering could cease to eistase (B.K.C. and S.K.K) gratefully acknowledge Mr. Somnath
of zero external field For this reason, the contributions from Roy for his help in the computer software development.

afl19P¢=0, (199

and

The first derivative(199 gives polarization similarly t¢Eq.
(9)] and so need not be written again. The second conditio
(19b) gives the stability conditions, viz.,
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