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Structure and dynamics of freely suspended film of the smectic-Ca* phase
in an external transverse electric field
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We present a theoretical analysis of static and dynamic properties of freely suspended films of the smectic-
Ca* phase in an external electric field, applied along the smectic layers. The analysis is performed within the
‘‘clock’’ model, where the interactions up to next-nearest neighbors are considered. The calculated critical
electric field for the unwinding of the smectic-Ca* phase is of the order of several 100 V/mm and strongly
depends on the interlayer interactions. The calculated relaxation rates of the eigenfluctuations of a system ofN
layers are in the kilohertz range for phase fluctuations and several megahertz for amplitude fluctuations.
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I. INTRODUCTION

In recent years, there has been a considerable intere
understanding the structure of the novel phases of antife
electric liquid crystals. Different experimental technique
such as the resonant x-ray scattering@1#, dielectric spectros-
copy @2,3#, optical rotation@4#, and ellipsometry on freely
suspended films@5,6# have been used to characterize t
structure of these phases, such as the smectic-Ca* and the two
ferrielectric phases. It is now quite clear that the smectic-Ca*
phase is a tilted smectic, incommensurate helical phase,
the helical period that extends over typically ten smectic l
ers @1,5#. This phase is therefore similar to the convention
ferroelectric smectic-C* phase, the only difference being i
the length of the helical period and the mechanism, resp
sible for the helical arrangement of the molecules.

There has also been a considerable debate on the stru
of the ferrielectric smectic phases, which appear to be p
odic phases, with a unit cell equal to three and four sme
layers, respectively@1#. The ferrielectric smectic-CFI1 phase,
also known as the smectic-Cg* phase, is the phase with thre
smectic-layers unit cell. The arrangement of the molecu
within this unit cell is asymmetrically deformed@4# and
forms a polar unit cell. This unit cell repeats along the n
mal to the smectic layers, so that a helicoidal and polar
rielectric phase is formed, with a helical period in the regi
of several microns. On the other hand, the second,
smectic-CFI2 phase, is a four smectic layers unit cell stru
ture @1#. The molecular arrangement of the unit cell
strongly deformed and approaches nearly Ising-like pla
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structure@4,7#. The deformation is symmetric, so that a no
polar structure is formed, showing small antiferroelectricli
response to an external electric field.

The structure of these phases, as well as the ferroele
and antiferroelectric phase, is successfully described wi
the ‘‘clock model,’’ first developed by Cˇ epič and Žekš @8#.
This is a 3D-XY phenomenological model, based on the
terlayer interactions, first introduced by Sun and Orihara@9#.
Within this model, each smectic layer is treated as an in
pendent system, coupled via interactions to the nearest
next-nearest neighbors. Whereas the first version of
model @8,10# could not explain the deformed ferrielectr
phases, a refined version solved this problem and is cap
of reproducing the deformation of the unit cell and the pha
sequence as well@11#.

Whereas the clock model explains these different str
tures of antiferroelectric liquid crystals, little is known abo
the interactions between the smectic layers, that presum
drive the phase sequence and determine the structures. T
interactions are effectively included into the free-energy
pansion@8# and are difficult to extract from the present e
periments. Obviously, new experiments are needed
would give a deeper insight into the nature of interlayer
teractions. In this situation, free-standing films of smectic-Ca
and ferrielectric phases represent a unique system, w
there might be a possibility of systematical tracing the int
layer interactions by systematically varying the number
smectic layers and observing the changes in the overall st
ture and dynamics of freely suspended films.

Following this idea, we analyze in this paper the equil
rium structure and the dynamics of a free standing film of
smectic-Ca* phase, consisting ofN smectic layers in an ex
ternal transverse electric field. The equilibrium structures
©2002 The American Physical Society05-1
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obtained after minimizing the total free energy of the syst
of N coupled smectic layers, using a method, first propo
by Rovšek et al. @12#. The fluctuation spectrum of a syste
of N coupled smectic layers is also analyzed by apply
Landau-Khalatnikov dynamical analysis. We calculate the
laxational eigenvalues and eigenvectors of fluctuations
we follow the changes in the spectrum, induced by the
plication of an external electric field. We observe that ther
a certain critical field, where the helical structure becom
unstable and a transition to an uniformly polarized ferroel
tric phase occurs. The chirality of the system has a sign
cant influence on this instability and also strongly hinders
complete unwinding. In some cases, depending on the r
tive strength of the first and second neighbor interactions
intermediate, field-induced phase is stable in between
deformed smectic-Ca* phase and the uniform, field-unwoun
phase. This phase is absent for large values of chiral inte
tion.

II. EQUILIBRIUM STRUCTURE OF A FREELY
SUSPENDED FILM OF A SMECTIC- Ca* PHASE IN AN

EXTERNAL dc ELECTRIC FIELD

We consider a freely suspended film of the smectic-Ca*
phase, formed ofN smectic layers. The molecular orientatio
within the i th layer is described by the two-dimensional o
der parameter, shown schematically in Fig. 1,

j i5q i~cosw i ,sinw i !. ~1!

Here,q i is the magnitude of the tilt angle andw i is the phase
of the director in thei th layer.

We analyze the stability of the structure of the smectic-Ca*
phase by expanding the free energy of a system ofN coupled
smectic layers~2!. It includes the nonchiral interaction be
tween a given layer and its nearest and next-nearest ne
bors, the chiral interaction with nearest neighbors and
term that describes the interaction between the electric po
ization of each smectic layer and the external electric fie
which is applied in theydirection.

The free energy of a system ofN coupled smectic layers i

FIG. 1. The coordinate system withz axis perpendicular to the

smectic layers. The directornW i determines the average tilt of th
molecules in thei th layer; its projection onto the smectic layer

the order parameterjW i . Spontaneous polarization is perpendicu

to the tilt vectorjW i .
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i 51

N
a0

2
q i

21
b0

4
q i

41
a1

2
q iq i 11 cos~w i2w i 11!

1
a2

8
q iq i 12 cos~w i2w i 12!

1
f

2
q iq i 11 sin~w i2w i 11!2CEq i cosw i . ~2!

The coefficientsa05a(T2T0) andb0 describe the intra-
layer interactions and to the largest extent determine
value of the tilt angle. The next two terms are the lowe
order terms describing the interactions between the neigh
ing layers. The coefficientf is of chiral origin and describes
the nearest neighbor chiral interactions. The last term
scribes the coupling of spontaneous polarization of e
layer with the external electric field. The surface interactio
of the outer layers are implicitly taken into account, if w
define the order parameterj i50 for i ,1 and i .N. Physi-
cally, this means that the first and the last smectic layer~i.e.,
the two outer layers!, as well as their first interior neighbors
do interact only with the layers in the interior of the film
whereas there is no molecular interaction with empty sp
outside the film. This leads to equilibrium tilt angles, whic
are slightly different for the surface layers, in agreement w
experiments@13#.

The equilibrium structure of the smectic-Ca* phase in an
external electric field is calculated by minimizing the fre
energy of a system with respect to a set of 2N order param-
eter components. Following the procedure of Rovsˇek et al.
@12#, we expand the free energy~2! by writing each compo-
nent of the order parameters as a sum of its equilibrium va
j i

0 and a small correctiondj i ,

q i5q i
01dq i , w i5w i

01dw i . ~3!

The expansion is performed up to the second order
corrections. In the second step, we obtain stationary va
of the free energy by the minimization with respect to sm
corrections of the tilt and phase in each layer,

]G

]q i
50,

]G

]w i
50, i 51, . . . ,N. ~4!

We obtain a system of coupled linear equations for the
of correctionsdq i and dw i . The two sets of equations ar
solved separately. First, we solve the system of nonhom
enous linear equations for the corrections of the tiltdq i ,
keepingw i constant. This system is

Aqdq1Bq50. ~5!

Here dq5(dq1 ,dq2 , . . . ,dqN) is a N-dimensional vector
of corrections of the tilt.Bq is a N-dimensional vector with
components
5-2
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Bq~ i !52a0q i
02b0~q i

0!32
a1

2
@q i 11

0 cos~w i
02w i 11

0 !

1q i 21
0 cos~w i

02w i 21
0 !#2

a2

8
@q i 12

0 cos~w i
02w i 12

0 !

1q i 22
0 cos~w i

02w i 22
0 !#2

f

2
@q i 11

0 sin~w i
02w i 11

0 !

1q i 21
0 cos~w i 21

0 2w i
0!#1CE cosw i

0 ~6!

andAq is a symmetricN3N five-diagonal matrix,

Aq~ i ,i !5a013b0~q i
0!2, i 51, . . . ,N,

Aq~ i ,i 11!5
a1

2
cos~w i

02w i 11
0 !1

f

2
sin~w i

02w i 11
0 !,

i 51, . . . ,N21,

Aq~ i ,i 12!5
a2

8
cos~w i

02w i 12
0 !, i 51, . . . ,N22. ~7!

We use an iterative numerical procedure, which sta
with some preselected values of the tilt and phase ang
Usually, the initial approximation for the structure of th
smectic-Ca* phase at zero electric field was taken to ha
some constant value of the tilt and the symmetric orienta
of the phase through the set of layers. Then, we repeat
improve the initial approximation for the structure until th
resulting set of tilt vectors satisfies a desired numerical p
cision.

The same procedure is then applied to the system of n
homogenous linear equations fordw i , keeping the calculated
equilibrium value ofq i constant. This system of equation
for the unknown phase angles is again written in the ma
form,

Awdw1Bw50. ~8!

Here,dw5(dw1 ,dw2 , . . . ,dwN) is a N-dimensional vector
of corrections of the phase andBw ,

Bw~ i !5
a1

2
@q i

0q i 11
0 sin~w i

02w i 11
0 !1q i

0q i 21
0 sin~w i

0

2w i 21
0 !#1

a2

8
@q i

0q i 12
0 sin~w i

02w i 12
0 !1q i

0q i 22
0

3sin~w i
02w i 22

0 !#2
f

2
@q i

0q i 11
0 cos~w i

02w i 11
0 !

2q i
0q i 21

0 cos~w i 21
0 2w i

0!#2CEq i sinw i
0 . ~9!

The components of a matrixAw are
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Aw~ i ,i !52
a1

2
@q i

0q i 11
0 cos~w i

02w i 11
0 !1q i

0q i 21
0 cos~w i

0

2w i 21
0 !#2

a2

8
@q i

0q i 12
0 cos~w i

02w i 12
0 !

1q i
0q i 22

0 cos~w i
02w i 22

0 !#2
f

2
@q i

0q i 11
0 sin~w i

0

2w i 11
0 !2q i

0q i 21
0 sin~w i 21

0 2w i
0!#

1CEq i cosw i
0 , i 51, . . . , N,

Aw~ i ,i 11!5
a1

2
q i

0q i 11
0 cos~w i

02w i 11
0 !1

f

2
q i

0q i 11
0

3sin~w i
02w i 11

0 !, i 51, . . . ,N21,

Aw~ i ,i 12!5
a2

8
q i

0q i 12
0 cos~w i

02w i 12
0 !,

i 51, . . . ,N22. ~10!

This two-stage iteration process is then repeated at s
higher value of the applied electric field and the new eq
librium structure is calculated in the same way as descri
above.

As an example, we show in Fig. 2 the behavior of a s
tem of five-layer film of a smectic-Ca* phase (N55) in an
external electric field, applied perpendicularly to the lay
normal. The structure was calculated for different values
the chiral parameterf 50, f 50.01*a1, and f 50.1*a1. The
typical value observed in bulk polar systems isf 50.01*a1.
The values of the other material parameters are:a0 /a
524 K, b0 /a540 K, a1 /a521.1 K, a2 /a52.5 K,
a543103J/m3 K, andC51.53108 V/m @14#. The coeffi-
cientsa0 andb0 are chosen in such a way that they repres
a smectic-Ca* phase at a temperature of 4 K below th
smectic-A phase. The ratio ofa1 anda2 is chosen so that it
represents a smectic-Ca* phase with a period of approxi
mately five layers. At zero field, the molecular arrangem
is already asymetric, as the phase angles of the surface la
~see layers 1 and 5 in Fig. 2! are different from those in the
interior. The tilt magnitudes are close to 12° and are a
slightly different for the outer layers. This reflects the a
sence of intermolecular interactions between the surface
ers and the empty space outside the film. We should st
that the helical molecular arrangement of the smectic-Ca*
phase is obtained already in the achiral case, whenf 50. Of
course, the sense of the helix is in this case degene
which means that right- and left-handed smectic-Ca* phases
are equally probable. By introducing a finite chiralf term,
this degeneracy is removed, and one sense of the he
structure becomes energetically favorable.

As one can expect, by increasing the field strength,
molecules tend to align in the plane, perpendicular to
field, as the electric dipoles are preferentially aligned into
field direction. In a nonchiral system,f 50 @Fig. 2~a!#, the
short-helix smectic-Ca* structure is unwound at some valu
of the critical fieldEc and we have a uniformly aligned an
5-3
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unwound smectic-C̃a* phase. The unwinding transition i
similar to the very well-known unwinding of the helicoida
ferroelectric smectic-C* phase in a transverse electric fie
@15#. The critical electric fieldEc strongly depends on th
value of the piezoelectric constantC, describing the bilinear
coupling between the polarization and the tilt. This const
is of the order of 106 V/m in the ferroelectric liquid crysta
DOBAMBC @15#, which has a spontaneous polarizationPs
5331025 A s/m2. As the spontaneous polarization of mo
materials that form smectic-Ca* phase is of the order of 10
times larger, we choose somewhat larger value ofC
;108 V/m. This results in critical electric fields of the orde
of Ec;300 V/mm, which is definitely within experimenta
reach.

However, the situation is quite different for nonzero va
ues of the chiral termf. In this case, shown in Figs. 2~b! and
2~c!, the phase transition disappears and the short-h
smectic-Ca* structure is never really unwound. The structu
gets a tail of nonzero values of phase angles in each laye
a result, we obtain a long-pitch twisted structure that is v
persistent to external electric field and only gradually a
proaches unwound state in the limit of very large elec

FIG. 2. The behavior of a five-layer film in an external appli
electric field for different values of the chiral termf. ~a! f 50: by
increasing the field strength, the molecules tend to align in the p
perpendicular to the field, as the electric dipoles are preferent
aligned into the field direction. The result is the unwound struct
above some value of the critical fieldEc . ~b! and~c! At somewhat
higher values off, the phase transition disappears and the struc
remains twisted for any value of the field. The values of the mate
parameters area0 /a524 K, b0 /a540 K, a1 /a521.1 K,
a2 /a52.5 K, a543103J/m3 K, C51.53108 V/m, f 50,
f 50.01*a1, and f 50.1*a1, respectively@14#.
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fields. This unusual persistence of the twisted structure
be understood using a simple argument, based on the c
petition between chiral, elastic, and dipole-field interactio
A simple calculation of the free-energy contributions of ch
ral, elastic, and dipole-field coupling terms shows that
chiral and elastic free energies are linear in the total tw
angle but opposite in sign, whereas the dipole-field free
ergy is quadratic in a total twist angle. Because of compet
free-energy contributions the minimum of the free energy
therefore always located at a finite value of the total tw
and the structure is never unwound, contrary to bulk mat
als @16#.

Figure 3~a! shows the field dependence of the static
duced electric polarization for the nonchiral (f 50) and chi-
ral ( f 50.01*a1 and f 50.1*a1) five-layer film. As expected,
they component of the polarization increases with increas
field, as dipoles are more and more aligned into the fi
direction. However, above the critical field, the polarizati
is fully saturated only in the nonchiral system,f 50. The
static electric susceptibility of the five-layer film is shown
Fig. 3~b!. The susceptibility increases in the vicinity of th
critical field, but there is no divergence, characteristic
bulk systems@16#.

The field-induced transition is for this number of smec
layers and this range of free-energy parameters continu

e
ly
e

re
l

FIG. 3. ~a! The field dependence of thePy component of the
static induced electric polarization for the five-layer film.Py in-
creases with electric field and reaches a saturation level at the
cal fieldEc only in the nonchiral system withf 50. For finitef, the
transition is smeared out.~b! The static electric susceptibility. The
values of the material parameters area0 /a524 K, b0 /a
540 K, a1 /a521.1 K, a2 /a52.5 K, a543103 J/m3 K, C
51.53108 V/m, f 50, f 50.01*a1, and f 50.1*a1, respectively
@14#.
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and the phase of each smectic layer continuously me
zero. By increasing chirality, the transition is only smear
out. However, we obtain in some cases an unexpected r
by increasing the field strength: a discontinuous transit
into a novel phase that is in between the distorted smec
Ca* phase and the unwound phase. This novel phase ca
obtained either by choosing a different set of free-ene
parameters at a given number of layers, or by taking a
ferent number of layers at the same parameters. Figure~a!
shows such an example of a structure of aN57 layer
film, which is obtained for the parameters:a0 /a524 K,
b0 /a5100 K, a1 /a520.5 K, a2 /a51.0 K, a54
3103 J/m3 K, C51.53108 V/m, and f 50 @14#. In this
case, the electric-field dependence of the structure is cha
terized by two critical electric fieldsEc1 andEc2. When the
first critical field Ec1 is exceeded, the distorted smectic-Ca*
phase is transformed into a new structure that is substant
different from the ordinary smectic-Ca* phase. Whereas, th
ordinary smectic-Ca* phase is characterized by a uniform i
crease of the phase angle, as we move along its short-pe
helix, this new phase is quite different, as one can see f
Fig. 4~a!. First, by following Fig. 4~a!, one can see that th
phase angle decreases, as we are moving from the first t
fourth layer. This means that the molecules in neighbor

FIG. 4. ~a! The behavior of a seven-layer film in an applie
electric field. The structure is characterized by two critical fie
Ec1 and Ec2. At Ec1 the smectic-Ca* phase is deformed into a
antihelical structure. This structure persists up to the fi
Ec2, where it transforms into the unwound structure. The val
of the material parameters area0 /a524 K, b0 /a5100 K,
a1 /a520.5 K, a2 /a51.0 K, a543103 J/m3 K, C51.5
3108 V/m, f 50 @14#. ~b! The antihelical structure is absent fo
large values of the chiral parameterf 50.1*a1. The rest of the
parameters are the same.
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layers are arranged in a clockwise manner, as we move a
the layer normal. But, then, at the fifth layer, the sense of
short-period helix is inverted. The phase angle increase
we move to the next layers and the sense of the helix is n
anticlockwise. This peculiar arrangement turns out to be v
resistive against the applied electric field and persists up
80 V/mm. In view of its peculiar structure, we call this field
induced phase an antihelical structure.

We should, however, mention that the stability of th
structure strongly depends on the strength of the chiral t
f. As an illustration, we show in Fig. 4~b! the behavior of the
same film for an increased value of the chiral termf
50.1*a1. It is evident that the strange antihelical structu
disappears for large values off.

Let us now discuss the influence of the chirality of t
system on the structure of the smectic-Ca* phase in an elec-
tric field, as obtained within the clock model. We could s
from the calculations that the chiral term significantly infl
ences both the stability of different field-induced structur
as well as the unwinding process. Chirality is therefore
crucial importance and the question arises, what are real
values of the chiral termf ?

It is generally accepted that the chiral term is small co
pared to other terms in the free-energy expansion of b
ferroelectric liquid crystals@15#. Its magnitude in ferroelec-
tric liquid crystals is'0.01*a1 and determines the length o
the helical period, which is typically around 1mm. Such a
small value of the chiral term was also successfully used
clock model to fit the experimental results of the high res
lution study of the birefringence and optical rotation in va
ous antiferroelectric liquid crystals@14#. Interestingly, these
materials exhibit relatively short helical periods, which lea
to the conjecture that the magnitude of the chiral term m
be large in these systems. However, it was shown a long t
ago@17# that the chiral~Lifshitz! term is not the only term in
the Landau free-energy expansion of chiral smectics that
termines the length of the helical period. Other terms
achiral origin are also important and strongly influence
length of the helical modulation. For example, the biqu
dratic coupling between the tilt and polarization, which is
achiral origin, is an essential term in the generalized Lan
model @15,17# that can explain strong temperature depe
dence of the helical period in typical ferroelectric materia
like DOBAMBC and CE-8, as well as reentrant phenome
in these materials. This achiral interaction is also intrinsica
present in the clock model and leads to a strong helical wi
ing of the smectic-Ca* phase even in the absence of chirali
In this achiral case, left- and right-handed smectic-Ca* phases
are equally probable. By introducing chiral interaction, t
twist degeneration is removed and only a given sense of
helical structure is energetically preferred.

To summarize this discussion on the role and realis
values of the chiral term in the free-energy expansion
antiferroelectric liquid crystal, we can foresee two differe
limiting situations:~i! the chiral termf is for some intrinsic
reason large and has a dominating role for the magnitud
helical modulation. This situation is quite realistic, as can
evidenced from the miscibility studies of the chiral-racem
smectic-Ca* phase@18#. In this case, there is no sharp u

d
s
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winding transition in free standing films of smectic-Ca* phase
in a transverse dc electric field. The phase can never be
unwound and the strange antihelical phase is absent.~ii ! The
chiral termf is small, similar to ordinary ferroelectric mate
rials. In this case, there is a sharp unwinding transition
the antihelical phase is present. The system is nearly ac
and the free energies of the right- and left-handed smec
Ca* phases are nearly degenerate. The energy splitting is
due to a small chiral contribution that prefers a given se
of the helical period and removes the degeneracy. In
nearly achiral case, it is likely that domains of left- and righ
handed smectic-Ca* phase could exist in a given sample. D
to negligible optical rotation, they cannot be discriminat
optically but may be distinguished due to disclination wa
between regions of opposite twist.

III. DYNAMICAL PROPERTIES OF A FREELY
SUSPENDED FILM OF A SMECTIC- Ca* PHASE

IN AN EXTERNAL dc ELECTRIC FIELD

For the analysis of the dynamical properties of t
smectic-Ca* phase, we use the well-known Landau-Khalatn
formalism, which describes the regression of a given fluct
tion of the order parameterj towards equilibrium

2g
dj

dt
5

]G

]j
. ~11!

Here,g is the rotational viscosity coefficient and]G/]j is a
thermodynamic restoring force that drives the system bac
equilibrium. Here we consider only the fluctuations with t
wave vector along the normal layer, whereas there is no c
ponent of the fluctuations along the smectic layers. Simila
Eq. ~3!, we express each component of the order param
in the i th layer as a sum of its equilibrium value and a sm
excitation. The solution of Eq.~10! is of the form

dj i5j i
0exp@2t/t i # ~12!

and the system of Landau-Khalatnikov differential equatio
is then transformed into a set of coupled nonlinear equatio

For our system ofN coupled smectic layers, the linearize
set of equations can be represented in a matrix form
represents an eigenvalue problem for the fluctuations o
N-layer film,

U ]G

]dC i
2

g

t i
IU50. ~13!

The magnitudes of each component of a given collec
fluctuation are now arranged as a 2N-dimensional vector
dW C. The firstN components represent the fluctuations of
magnitude~i.e., amplitudons! and the rest ofN components
represent the fluctuations of the phase of the tilt~i.e., pha-
sons!,

dC i5~dq i ,dw i !.
06170
ly

d
ral
c-
ly
e
is
-

-

to

-
o
er
l

s
s.

d
a

e

e

The partial derivatives]G/]dC i are thus conveniently ar-
ranged in a 2N32N-dimensional matrix following the same
procedure as in Eqs.~3!, ~5!, and~8!,

]G

]dCW
5S Aq 0

0 Aw
D . ~14!

Here,Aq andAw areN3N matrixes defined before in Eqs
~7! and ~10!. The off-diagonal terms in the matrix]G/]dCW
can, however, in most cases be neglected.

For aN-layer film we have, therefore, 2N degrees of free-
dom and we should thus find 2N eigenvalues and 2N corre-
sponding eigenvectors. Each eigenvalue represents a dis
relaxation rate of a distinct fluctuation of a coupled system
N smectic layers. The corresponding fluctuations of the m
nitude and the phase of the tilt in thei th layer can be deter-
mined from the components of the calculated eigenvecto

Figures 5 and 6 show an example of the calculated rel
ation rates for a five-layer film of the smectic-Ca* phase at
zero electric field andf 50. As expected, we obtain a set o
ten fluctuation modes, which in general represent coup

FIG. 5. The eigenvectors of phase modes in a five-layer film
zero electric field. The small arrows indicate the direction of t
fluctuation of molecules in each of five layers.

FIG. 6. The eigenvectors of tilt modes in a five-layer film at ze
electric field. The small arrows indicate the direction of the fluctu
tion of molecules in each of five layers.
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tilt-phase modes, where the fluctuations of the tilt magnitu
and phase are mixed. However, in most cases~such as suffi-
ciently low temperature!, the coupling between the magn
tude and the phase can be considered small and we o
two independent sets of modes. Five of them represent
phase-magnitude-fluctuation modes, shown in Fig. 5, and
other five represent pure tilt-fluctuation modes, shown in F
6. The relaxation rates of the tilt modes are typically thr
orders of magnitude faster than the corresponding ph
modes. We therefore expect that similar to the other po
smectics, the phase modes will give dominant contribution
the linear response and quasielastic light scattering.

It is interesting to look at the symmetry of these mod
presented in Figs. 5 and 6. In zero electric field, the mo
with the lowest frequency is of particular interest. It is show
in Fig. 5~a! and one can see that it represents pure ph
fluctuation. It is recognized as the Goldstone mode of
system, which represents the rotation of the sample a
whole and has therefore zero relaxation rate or infinite l
time. The mode that has a slightly larger relaxation rate
shown in Fig. 5~b!. It is similar to the Goldstone mode, wit
a difference that the molecules rotate in pairs in the oppo
directions. The third mode that has slightly larger relaxat
rate is shown in Fig. 5~c!. It represents a mixed situation
where the most significant is the movement of the molecu
within two pairs of the outer-layer molecules. In one pa
molecules move out of phase compared to the movemen
the other pair. The rest of the two modes have nearly
same relaxation rates. As shown in Figs. 5~d! and 5~e!, these
modes represent an in-phase movement of the molecule
the outer layers.

The modes representing the fluctuations of the magnit
of the tilt are shown in Figs. 6~a! to 6~e!. The relaxation rates
of these modes are much higher, which is a general cha
teristic of the amplitude modes.

As one can see from Fig. 7, the fluctuation spectrum
considerably changed by the application of external elec
field. As the field breaks the continuous rotational symme
of a free space, the system ofN smectic layers can no longe
freely rotate around the normal to the smectic layers. A
result, we expect that the Goldstone, zero frequency mo
would no longer exist. This is indeed reflected in the sp
trum of fluctuations for finite fields, which clearly shows th
even lowest-frequency mode gains a finite relaxation rat
a field and a finite frequency gap appears in the spectr
The frequency gap is of the order of several kilohertz clo
to the critical field. The modes therefore become ‘‘massiv
in an external applied electric field.

Particular attention has to be paid also to the mode re
senting the critical fluctuation that condenses and is resp
sible for the phase transition into the unwound smectic-Ca*
phase. This is the second phase mode in Fig. 7 and is re
sented as the second mode in Fig. 5. One can see th
indeed represents a coherent molecular movement that
to constrain the molecules in thex direction and the dipoles
in the y direction. Its relaxation rate indeed goes to zero
the critical field, as expected from simple symmetry arg
ments.
06170
e

ain
re

he
.

e
se
r

o

,
e

se
e
a

-
is

te
n

s
,
in
e

in

e

c-

s
ic
y

a
e,
-

in
.

e
’’

e-
n-

re-
t it
ies

t
-

After the critical field has been reached, the relaxat
rates of all modes grow linearly with the magnitude of t
applied field. This is consistent with perfect alignment
electric dipoles of molecules of the liquid crystal into th
direction of the applied field.

By introducing a chiral term in a system, the fluctuatio
spectrum is only marginally influenced by the finiteness of.
As this term induces smearing out of the critical electric fie
and the smectic-Ca* phase is never really unwound, the r
laxation rate of the previously defined critical mode retain
finite value of the order of several kilohertz. The chiral ter
therefore induces a frequency gap at the value, where
critical electric field is observed for an achiral system. T
rest of the modes are not influenced by increased chiralit
the system.

IV. CONCLUSIONS

In conclusion, we have presented theoretical analysis
the static and dynamic properties of freely suspended film
the smectic-Ca* phase in an external static electric field, a
plied in the plane of the smectic layers. Using realistic valu
of the free-energy parameters, we have shown that the c
cal electric field for the unwinding of the nonchiral smecti
Ca* phase in freely suspended films is of the order of 3
V/mm, which is definitely feasible. We have also shown th
by increasing the strength of the chiral term, the unwind
transition is smeared out and the smectic-Ca* phase in free

FIG. 7. The fluctuation spectrum in the external electric field
a five-layer film: ~a! five phase fluctuation mode frequencies;~b!
five amplitude fluctuation mode frequencies. The values of
material parameters area0 /a524 K, b0 /a540 K, a1 /a
521.1 K, a2 /a52.5 K, a543103 J/m3 K, C51.53108

V/m, f 50 @14#.
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standing film is never unwound. The second important re
is the range of the relaxation rates of phase fluctuations.
a five-layers film, the relaxation rates of the phase modes
of the order of several kilohertz and are therefore easily
servable in linear response and quasielastic light scatte
experiments. The third important result is rather strong in
ence of the chirality on the unwinding of the smectic-Ca*
phase in external electric field. For strong chirality, the u
n,

a

L

en

b

,
-
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winding transition is smeared out, the phase is never re
unwound and the antihelical phase is absent. These res
therefore, open new possibilities in the study of interlay
interactions in the smectic-Ca* phase of antiferroelectric liq-
uid crystals. The analysis of the electro-optic linear respo
and quasielastic light scattering cross sections will be p
sented in another publication and we expect it would stim
late new experiments on freely suspended films.
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~2000!.
@13# A. Fera, R. Opitz, W.H. de Jeu, B.I. Ostrovskii, D. Schlau

and Ch. Bahr, Phys. Rev. E64, 021702~2001!.
@14# M. Škarabot, M. Čepič, B. Žekš, R. Blinc, G. Heppke, A.V.
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