
'YU. M. Gal'perin, V. D. Kagan, and V. I. Kozub, Zh. 
Eksp. Teor. Fiz. 62, 1521 (1972) [Sov. Phys. JETP 35, 
798 (1972)l. 

2 ~ .  D. Fil', V. I. Denisenko, and P. A. ~ e z u & ,  Fiz. Nizk. 
Temp. 1, 1217 0975) [Sov. J. Low Temp. Phys. 1, 584 
(197511. 

3G. A. Vugal'ter and V. Ya. ~emikhovskii, Fiz. Tverd. Tela 
(Leningrad) 19, 2655 6977) 6ov. Phys. Solid State 19, 

1555 (1977)l. 
4 ~ .  M. Kantorovich, Zh. Eksp. Teor. Fiz. 45, 1638 (1963) 

kov. Phys. JETP 18, 1125 (1964)l. 
51. S. ~ r a d s h t e h  and I. M. Ryzhik, Tablitsy integralov , 

summ, ryadov i proizvedenif (Tables of Integrals, Sums, 
Series, and Products), Nauka, 1971 [Academic, 19661. 

Translated by J. G. Adashko 

Dielectric properties of a helical smectic liquid crystal 
€3. I. ~strovski, A. 2. Rabinovich, A. S. Sonin, and 6. A. Strukov 

All-Union Scientific-Research Institute of Optophysical Measurements, Moscow 
(Submitted 10 November 1977) 
Zh. Eksp. Teor. Fiz. 74, 1748-1759 (May 1978) 

The temperature and frequency dependences of the permittivity were determined in the vicinity of the 
phase transition (in either direction) from the smectic C phase to the smectic A phase in a chiral smectic 
liquid crystal DOBAMBC. The results obtained were compared with the temperature dependences of the 
tilt angle 9 of the molecules in the smectic layers, spontaneous polarization P,, and helix pitch p,. The 
experimental results were analyzed using a dynamic model based on the phenomenological theory of the 
chiral smectic C phase put forward by Pi in and Indenbom. The relative role played by piezoelectric 
effects of various kinds in the spontaneous polarization of DOBAMBC was analyzed and conclusions were 
drawn. 

PACS numbers: 77.20. + y, 77.30. +d, 77.60. +v, 64.70.E~ 

INTRODUCTION an ex te rna l  a l ternat ing field includes important  infor- 
mation on the fea tures  of the dipole ordering,  dynamic 

The existence of fe r roe lec t r ic  propert ies  in  ch i ra l  p rocesses  associated with the deformation of the helix, 
smec t ic  C liquid crystals ,  pointed out by Meyer  et al.,[" and relat ive role of the piezoelectr ic  effects  of var ious 

h a s  now been confirmed by numerous experimental  kinds in  the appearance of the spontaneous polarization. 
measurements  of the optical and polarization switching We shal l  r e p o r t  the t empera ture  and frequency depen- 
propert ies  of this  class of compounds. C2-81 A distin- dences of the permittivity in the vicinity of a phase 
guishing feature of liquid-crystal fe r roe lec t r ics  is the transition (in e i ther  direction) f r o m  the smect ic  C phase 
"orientational" nature of the dipole ordering, asso-  
ciated with the short-range nature of the f o r c e s  which 
give rise to a paral le l  tilt of the molecules in  the smec-  1 j / y Z p  & & & i  
tic layers .  In th i s  case the polarization is due to pie- 
zoelectr ic  effects of var ious kind allowed by the sym- 
met ry  of ch i ra l  smec t ic  C liquid c rys ta l s .  

a 
A charac te r i s t i c  feature of these c rys ta l s  is a l so  a 

helical distribution of the permanent dipole moments  
U-- 

of the molecules in  the smect ic  l ayers  (Fig. l a ) .  In Po- 
I ,  , 1'1 7, @ 6 ,  ,+ 

each helix pitch (-4p) the re  are -2 x lo3 disc re te  direc-  
tions of the dipole moment in  the l a y e r s  (apart  f r o m  
allowance for  thermal  fluctuations of the direct ions of ! 4 ,' ,4 $ @ .' I 
the  dipole moment). If a sample is sufficiently thick, 
th i s  helical s t ruc ture  corresponds t o  the equilibrium 
state of the ch i ra l  smec t ic  C phase 'and its appearance 
as a resu l t  of a phase transition is due to the limiting 
nature of the symmetry  group of the parae lec t r ic  high- 
temperature phase ( ~ / 2 ) .  A s  i n  the case of splitting of 
sol id fe r roe lec t r ics  into domains, the appearance of a 
helical s t ruc ture  helps to  retain this  macrosymmetry  
also in the polar  phase. 

The interaction of the dipole moments of the mole- 
cules  with an external  electric field resu l t s  i n  a homo- 
geneous polarization of a liquid crystal ,  i. e . ,  it causes  
"untwisting" of the helix. Therefore,  we may assume 
that  the dielectr ic  response of a liquid c r y s t a l  sys tem to 

FIG. 1. Distribution of molecules and their permanent dipole 
moments in the chiral smectic C phase. The smectic layers 
a re  parallel to the xy plane. Inside the layers the molecules 
a re  titlted at an angle 0 relative to the normal of the smectic 
planes: (a) helical structure in the absence of external per- 
turbations; @) homogeneous orientation of the director n and 
dipole moments P in an external electric field E= nEp . 
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to the smectic A phase) and we shall compare these 
data with the temperature dependences of the tilt angle 
8 of the molecules in the smectic layers, spontaneous 
polarization P,, and helix pitch Po. We shall analyze 
the experimental results on the basis of the dynamic 
model based on a phenomenological theory of the C --A 
smectic phase transitions. 19g101 

MEASUREMENT METHOD 

We investigated d-p-decyloxybenzylidene-p'- amino- 
methylbutyl cinnarnate (DOBAMBC), which is a chiral 
smectic liquid crystal with the C --A transition at Tc 

.. 

=93"C. This substance was poured into the planar 
capillary gap 50- 150 j~ wide between two glass plates 
coated with conducting transparent films. A homogen- 
eous orientation of the liquid crystal in the smectic C 
phase (with the helix axis x in the electrode plane, Fig. 
1) was obtained by cooling from the isotropic phase 
range (T >116"C) to the smectic C phase in a magnetic 
field of H=15- 18 kOe intensity. Visual examination 
of the sample in a polarizing microscope demonstrated 
that the orientation of the liquid crystal was homogen- 
eous throughout the a rea  of the sample. 

The field E,, capable of untwisting the helix com- 
pletely was deduced from visual observation in the 
polarizing microscope: it was 400 V/cm at T - Tc, 
rising to E,=5000 V/cm at temperatures differing 
from the phase transition by T, - T =20T.  

The real part of the permittivity was measured by 
the conventional bridge method (using a R551 bridge). 
A modified attachment to this bridge made i t  possible 
to carry out measurements during simultaneous appli- 
cation of a static untwisting field E.. The precision of 
the absolute measurements of the permittivity c was 
governed primarily by the accuracy of determination 
of the capillary gap in the a rea  of the capacitor con- 
taining the liquid crystal, and i t  amounted to 4- 5 $. 
The measurements of the relative value of r were 
accurate to within 0.2% in the range f >800 Hz and to 
within 1% at f - 40- 60 Hz. The temperature of the 
sample was kept constant to within O.Ol°C by an auto- 
matic control system. The temperature was mea- 
sured with a platinum resistance thermometer using 
a compensation circuit with a R306 potentiometer of 
the 0.05 class and this was done to within O.Ol°C. 

The appearance of a spontaneous dipole ordering 
in the chiral smectic C phase was accompanied by 
anomalies of the temperature and frequency depen- 
dences of the permittivity c at right-angles to the 
helix axis. The value of E depended on the amplitude 
E, and frequency f of the alternating (measuring) 
field, static field E., proximity to the smectic C -A 
transition temperature (To- T), and wave number q 
corresponding to the helix pitch p (q =27r/p). 

We shall now consider the influence of these factors 
on the dielectric properties of the smectic C phase. 

EXPERIMENTAL RESULTS 

1. Dependence E =E (f, E.) in the T < Tc range. In 
zero static field the dependence was clearly of 

FIG. 2.  Dependences of the permittivity E on the frequency in 
various static electric fields E = .  10'~ (~ /cm) :  1 )  0 ;  2 )  1 ;  
3 )  1 .5 ;  4 )  2.5; 5 )  3.5; 6 )  9 . 0 .  T, -T =5"C. Top right-hand 
corner shows the dependences E = E ( E = )  obtained at various 
frequencies f (Hz): 1 )  40;  2 )  80;  3 )  200; 4 )  300; 5 )  600;  6 )  800; 
7 )  8000. 

relaxational nature and the relaxation frequency f,,, 
depended on temperature, amounting to 150- 400 Hz 
(Fig. 2). The application of the static field E. reddced 
the dispersion which disappeared practically completely 
for E, 2 E, indicating a relationship between the disper- 
sion of r in the low-frequency range and the helix un- 
twisting dynamics. 

2. Dependence r = ~ ( f ,  E,) . An alternating measuring 
field affected, like E,, the value of r: i t  reduced con- 
siderably r in the f <200 Hz range (Fig. 3). The appli- 
cation of a measuring field resulted in partial periodic 
twisting and untwisting of the helix so  that during the 
measurement period a t  frequencies f <f,,, the average 
pitch (d) became greater than the equilibrium value Po. 

FIG. 3. Frequency dependences of the permittivity E for dif- 
ferent values of an alternating measuring field E (V/cm): 
1 )  60; 2 )  200;  3 )  600; 4 )  1100; 5 )  1500; 6 )  2150. T, -T =3.5'C. 
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The influence of the amplitude of the measuring field 
on the permittivity E was particularly important at low 
frequencies in the vicinity of T -T,. Therefore, the 
temperature dependences of c were obtained in the f 
< 800 Hz range using a weak measuring field E, - 60 
V/cm, which was an order of magnitude smaller than 
E, at T - T,; i t  is clear from Fig. 3 that in such fields 
the value of E was practically constant and independent 
of the value of E,. 

3. Dependence c =c( f,  T - T,) . The dependence 
c(f, T - T,) definitely indicated a downward shift of the 
relaxation frequency f,,, =&T on increase of tempera- 
ture (Fig. 4). Here, 7 is *@ characteristic relaxation 
time of an ensemble of static dipoles. Consequently, 
the temperature dependences of c obtained at various 
frequencies behaved differently in the vicinity of the 
transition from smectic C to the smectic A phase (Fig. 
5).  At the lowest frequencies the temperature depen- 
dence of E passed through a maximum near T, but at 
higher frequencies the maxima became degenerate and 
shifted toward lower temperatures. It was charac- 
teristic that the position of the transition temperature 
T,, corresponding to the maximum of the static (f =0) 
permittivity co became indeterminate. 

DISCUSSION OF RESULTS 

I .  Characteristics of the permittivity dispersion of 
the chiral smectic Cphase. It is clear from the above 
data that at low frequencies (f <400 Hz) there are  relax- 
ation processes which clearly correspond to displace- 
ments of large ensembles of molecules because of the 
interaction of their permanent dipoles with an external 
electric field. This interaction i s  manifested macro- 
scopically a s  a periodic variation of the helix pitch in 
which the molecules perform matched motion on conical 

I . . ,  / I I 

10 * 10 to4t; HZ 

FIG. 4 .  Frequency dependences of the permittivity at various 
temperatures near the smectic C-- smectic A phase trans- 
ition. T, -T ("C): 1) 12; 2)  10;  3 )  8 ;  4) 6.5;  5 )  4.5;  6 )  3 ;  7 )  2 ;  
8 )  1 ;  9 )  0.5.  The asterisk (*) denotes the dependence E = E ( ~ )  
for the smectic A phase. 

I I I I I I 

W 12 10 E 6 4 9 I T,-6 deg 

F I G .  5 .  Temperature dependences of E of DOBAMBC at var- 
ious measuring-field frequencies f (Hz): 1 )  4 0 ;  2 )  60;  3) 80;  
4) 120; 5 )  200; 6 )  300; 7 )  400; 8 )  800; 9 )  3000; 10) 8000.  

surfaces keeping the angle 9 constant (Fig. 1). The 
observed low-f requency relaxation differs considerably 
from the dielectric relaxation effects known to occur 
in liquid crystals and to be associated with the lag of the 
rotation of the molecules about their long (f,,, - lo9- 101° 
Hz) and short (f,,, - lo6 Hz) axes. C11*123 

The observed dependences of E can be explained qual- 
itatively as follows: at higher frequencies of the mea- 
suring field the partial untwisting of the helix does not 
occur because the dynamic viscosity is too strong and, 
therefore, the contribution of the orientational polar- 
izability decreases at high frequencies. The application 
of a static field E, E, results in complete untwisting of 
the helix and then the permanent dipoles of the mole- 
cules become oriented along the field E,. This reduces 
strongly the response of the dipole to the measuring 
field, the dispersion of the permittivity practically dis- 
appears, and there is no further change in E on increase 
of the field. 

We shall now consider in detail the behavior of a 
helical structure in an external alternating field. The 
free-energy density of the chiral smectic C phase sub- 
jected to an external field is[lol 

where dcp/dz =q; E=E,; E,=O; qo=2n/po (Po is the 
equilibrium helix pitch); K3 is the elastic constant of 
the liquid crystal (longitudinal bending constant); cp i s  
the azimuthal angle in the xy plane; 0 is the tilt angle 
of the molecule in the smectic layers, which-in weak 
fields-is independent of E (9 << 1, which is true near 
T,); x i s  the generalized susceptibility; p1 is the piezo- 
electric modulus corresponding to the linear piezo- 
electric effect of the Pa= p,9 type. 

The equation describing the distribution of the angle 
q ( z )  in an external field i s  found by minimization of the 
functional (1) and is of the form 
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d2v KsO - + xp,E sin cp=O. 
dz2 (2) 

In an alternating field E = ~ , e ' ~ '  the equation of the 
helix untwisting dynamics derived ignoring the inertial 
term ( ~ d ~ q / d z ~ ,  where J i s  the moment of inertia of 
the molecule) can be written in the form 

where yi is the dynamic viscosity coefficient. 

In a weak field E, <<E,,, where ~ , = ~ , ~ $ 3 / 2 ~ p ~  i s  the 
field needed for complete untwisting of the helix, the 
solution of Eq. (3) can be found in the form 

cp=qoz+Ae""'+"' sin 902, 
(4) 

where a, is the phase shift between E and q. 

Substituting Eq. (4) into Eq. (3), we obtain 

where T = ~ ~ / K ~ ~ ; .  Hence, 

A =  X V ~ E O  a=-arctg or. 
Or, (i/r2f oz) Ib ' 

The expression for the polarization along the y axis 
i s  of the form 

where p2 is the piezoelectric modulus describing the 
appearance of the polarization -- because of the bending 
and twisting of the director in space (flexoelectric ef- 
fect). Substituting in Eq. (7) the value of q from Eq. 
(4), where A is written in the form of Eq. (6), and 
bearing in mind that A <<I, we find that the spatially 
homogeneous component of the electric polarization along 
the y axis i s  

In the static case (w -0) the expression (8) reduces to 
the expression for 1 PI obtained earlierc101 and i t  repre- 
sents the appearance of an additional contribution to the 
permittivity E =E, +4r ( P I  /Eo: 

where 6 ,  i s  the permittivity associated with displace- 
ments (in the measuring field) of the induced dipoles 
and of the components of the permanent dipoles directed 
parallel to the long axes of the molecules. 

The expression (9) describes the Debye relaxation 
with a characteristic time T = Y ~ / K , ~ ~ .  Substituting in 
this expression the typical valuescii1 yi =0.1- IP, ~ ~ = 1 0 - ~ ,  
and p,=4-8 ~ 1 0 ' ~  cm, we find that T=IO', - sec,  
which is in agreement with the relaxation frequency of 
E amounting to f = 400 Hz. According to Eq. (9), the 
dispersion of E in the chiral smectic C phase i s  gover- 
ned by the relationship between the piezoelectric moduli 

p i  and p2qo representing piezoelectric effects of different 
kind, and the relaxation time T. This relaxation time 
is governed by the temperature dependence of the helix 
pitch p,. 

We shall f i rs t  estimate the influence of the tempera- 
ture dependence of the helix pitch on the permittivity 
and relaxation time. The temperature dependence of 
this pitch p,=p,(T), measured by us by the diffraction 
of polarized monochromatic light on the helical struc- 
ture of the smectic C phase, i s  presented in Fig. 8. 
The helix pitch r ises  monotonically up to temperatures 
T, - T = l0C,  where this dependence has a maximum. 
This behavior of the pitch is confirmed also by visual 
examination of the sample in a polarizing microscope 
and is in agreement with the results reported earl ier .  
The reason for this behavior of p, is not yet clear. The 
increase in the pitch Po with rising tempe>ature increa- 
s e s  the relaxation time on approach to T - T, and re- 
duces the relaxation frequency f,,, =d TT.  

The ratio p2q,/pi can easily be estimated by sub- 
stituting in Eq. (9) the static permittivity E, and the 
wave number go corresponding to different tempera- 
tures.  The values of €, can be found by plotting the 
dependence E =€(A using the coordinate axes (E - 
and f 2 ,  and extrapolating the linear dependence to the 
frequency range w =O (Fig. 6). It i s  clear from the 
data of Figs. 6 and 8 (see below) that the ratio pZqO/pl, 
which governs the relative importance of the piezoelec- 
t r ic  effect of the first  and second kind i s  

Thus, the polarization and of the dispersion of the per- 
mittivity € of DOBAMBC are  mainly due to % inhomo- 
geneous spatial distribution of the director. Neverthe- 
less  i t  is clear from Eq. (9) that allowance for the 
linear piezoelectric effect, governed by the coefficient 
pi, is necessary for the description of the experimen- 
tally observed dispersion of the permittivity at low 
frequencies. 

The permittivity E =€(w, T) of the chiral smectic C 

FIG. 6. Dependence of ( E  -E,)-~- l o 3  on the square of the fre- 
quency. The notation is the same as in Fig. 4 .  The top left- 
hand corner shows the temperature dependence of the relaxa- 
tion time parameter (A  /IT) l o 3 ,  where A =yi ~ 3 / 4 d f p & : .  

U 
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phase of WBAMBC i s  described approximately by 

Figure 7 shows the theoretical dependences of c ' = ~  - c, 
based on Eq. (11), where they are  plotted as a function 
of frequency w, relaxation time, and temperature; the 
dependence E(T) is given subject to allowance for the 
temperature dependence of the relaxation time T 

=yl  p ; / ~ , ( 2 a ) ~  in the region Po sp,,. It follows from 
Fig. 7 that the expression (11) is in good agreement 
with the experimental data (Figs. 4-6) describing such 
fine features of the temperature and frequency depen- 
dences of 6 a s  the shift of the E maxima toward lower 
temperatures (Fig. 5) and intersections of the depen- 
dences of E at different frequencies (Fig.4).  the 
limit w -0, Eq. (11) can be written in the form 

the director n should be tilted by an angle 0 in the plane 
perpendicular to the axis 2 (this is known as the piezo- 
electric effect in the A ''I). 

The application of a field E 3 E, to the C phase re- 
duces a single-domain state in which the field E gives 
rise to a homogeneous deflection of the director n 
through an equilibrium tilt angle * 6  from the z axis in 
a plane perpendicular to the direction of E. The sym- 
metry of the system again decreases from .0/2 (which 
is the symmetry of the helix) to 2. The spontaneous 
dipole moment of all the molecules i s  then directed 
along the axis 2, which i s  parallel to E (Fig. lb).  

The application of an alternating measurement field 
E = ~ , e ' ~ '  then causes modulation of the angle 6 and 
causes the polarization P c c x p 1 0  to vary in amplitude at 
a frequency w .  This process is characterized by a 
definite relaxation frequency w,,, . In the w <or,, range 

7,KX 1 
we may expect dispersion of c.  In fact, in the T >T, 

(FA-€,)-' = - 
4n2~'p?pzZ T (12) range, a weak dispersion of c  is observed for the A 

phase near the transition temperature (Fig. 5) but it 
The temperature dependence of the reciprocal relaxa- becomes degenerate in the T>> T, range. In the single- 

tion time obtained from Eq. (12) and Fig. 6 is shown in domain smectic C phase this dependence i s  manifested 
the inset in Fig. 6. The increase in T by a factor of very weakly (it i s  of the same magnitude as  the experi- 
3-4 near the smectic C - smectic A phase transition mental e r ro r )  for fields E, < E,, which is due to the 
corresponds to a change in f,,, in the frequency range preferential orientation of the permanent dipoles of the 
400- 100 Hz. molecules along the field E,. 

Estimates (K3 = x = l , p o  =4 x cm) show that 
p l p g o  ~200-250 cgs esu and hence, using Eq. (lo), 
we find that p, =4-6, p2q, -40-50, and p2 = cgs esu. 

2. Permittivity of the chiral smectic A phase. We 
shall now consider in detail the effects associated with 
the change in the permittivity of the smectic A phase 
and of the chiral smectic C phase with a homogeneous 
distribution of the director n. In the A phase, when the 
direction of n coincides with the z axis, the application 
of a transverse electric field hinders free rotation of 
the molecules about their long axes and gives rise to 
the transverse polarization alone. In this case, 
according to the Neumann principle, the symmetry of the 
system should decrease to the symmetry group 2 and 

We shall now consider the characteristics of the di- 
electric relaxation in the smectic A phase. The addi- 
tional contribution to the permittivity may be calculated 
using the expression for  the free-energy density of the 
A phasec101 in the same way as in the case of the C 
phase [see Eq. (9)]: 

where a' i s  a constant coefficient. It is important to 
note that the linear piezoelectric effect plays the dom- 
inant role in the A phase. 

The expression (13) is identical with (9) and i t  also 

FIG. 7.  Theoretical dependences of the permittivity E' on the FIG. 8 .  Temperature dependences of the tilt angle 9 of mole- 
frequency I J ,  relaxation time 7, and temperature T , plotted cules in the smectic layers,C51 spontaneous polarization P ,  ,C53 
using Eq. (11): T ~ >  r2> T I ;  w l  > w 2 > w 3 .  helix pitch P o ,  and ratio 9 /Po  calculated from the other results. 

" 
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the theory of Pikin and Indenbom. [lo] In fact, the 
polarization of the C phase is given by I P I  a X I  pl  
- pzqo( 8, o r  i f  we use Eq. (101, by I P I  a 2nXsPze/p,. 
Allowance for temperature dependence of the helix 
pitch Po results in complete agreement between the de- 
pendence I P I  (T) and the experimentadly determined 
temperature dependence of the spontaneous polarization 
(Fig. 8). The corresponding dependences I P I  (T) and 
P,(T) a re  plotted on a double logarithmic scale in Fig. 
9. 

, , I  , , , , , , ,  The authors a re  grateful to E. Grigorova for her help 
f 3 fD 30 c-? deg C 

in the experiments, to B. M. Bolotin and N. I. Chernova 
FIG. 9. Temperature dependences of P ,  (A ,0) and O/pO(0) for the synthesis of the liquid crystal DOBAMBC used 
plotted on a double logarithmic scale. The points A and 0 in our experiments, and to S. A. Pikin for numerous 
correspond to different series of measurements. valuable discussions. 

describes a Debye relaxation process but with a very 
different relaxation time. In contrast to conventional 
ferroelectrics, for which the variation of e is des- 
cribed by the term 2a' (T - Tc) in the expression for the 
relaxation time T ( C u r i e - ~ e i s s  law), in the case of 
the A phase the values of T, and e are  finite. At T -Tc 
we have T, = T  =Y1/~3qi  and the dynamics of reorienta- 
tion of the A phase is similar to the T <Tc, E <<E, case. 
At T>> Tc the dominant term contains the transition 
temperature Tc as a parameter and an increase in 
temperature reduces e .  A comparison of Eqs. (13) 
and (11) demonstrates that because of Eq. (10) the 
dispersion of the permittivity e of the A phase is ap- 
proximately an order of magnitude less than that of the 
C phase. This i s  in agreement with the experimental 
results (Fig. 6) .  

The small values of the difference c - e ,  in the case 
of the A phase make it difficult to carry  out a quantita- 
tive comparison of the theory and experiment. 

We shall conclude by pointing out that the dynamic 
processes involving the small changes in the helix 
pitch in alternating electric fields and the associated 
dielectric relaxation at low frequencies in the C 
phase can be interpreted quite satisfactorily by the 
phenomenological theory of Pikin and Indenbom. ['OJ In 
this connection i t  i s  interesting to note that the ob- 
servedc5] disagreement between the critical indices of 
the temperature dependences of the spontaneous polar- 
ization and the tilt angle of the molecules 8 may be as- 
sociated with the flexoelectric effect in the spirit of 
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