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The polarization vector in ferroelectric smectic-Cp films preferably aligns along a dislocation line
due to the Coulomb interaction between polarization charges. The electric field locally perpendicular
to the dislocation line distorts it, and in the case of a dislocation loop ann-finger structure is formed,
with n depending on the applied voltage. This phenomenon has been observed in an experiment
in which the screening effect of ion impurities has been partially lifted in a low-frequency (3 Hz)
electric field. A characteristic length scale related to this phenomenon is of the order of104 Å.
[S0031-9007(98)08017-X]

PACS numbers: 61.30.Jf, 68.15.+e, 77.84.Nh
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In the ferroelectric smectic liquid crystal (Sp
C) [1] (in-

vented by Meyer and synthetized by French chemists)
polarization vectorP (per unit volume), perpendicular to
the director and parallel to smectic layers, forms a h
licoidal structure with a characteristic pitch (wavelength
of the order of micrometers. These smectics often cont
ion impurities which screen the strong Coulomb intera
tion between polarization charges, given by

Fc ­
P2

2´

Z
d3r

Z
d3r 0 = ? p̂srd= ? p̂sr0d

jr 2 r0j
, (1)

where p̂ is a unit vector alongP and ´ is an average
of the permittivity coefficients. In a pure sample thi
interaction would dominate over standard elasticity [2
and we observe that in the presence of dislocatio
it would strongly favor an alignment ofP along a
dislocation line. This is because of a sudden change
the position of the smectic layers in the region of th
defect and the microscopic constraint thatP is parallel to
the layer. In the infinite system with a straight dislocatio
line Fc diverges unlessP is parallel to the line. Only then
P is uniform andFc ­ 0.

In this work, we present a theoretical study and giv
qualitative experimental verification of the polarization
dislocation coupling. The main problem in experimen
is as follows: sinceSp

C samples are contaminated b
ions, the effect ofFc on the system is hardly observed
[2,3]. Here we show that despite the ionic contamin
tion it is possible to partially lift the screening of polar
ization charges induced by ions and observe the eff
of polarization-dislocation coupling. This new phenome
non should be important from both the fundamental a
the technological points of view, becauseSp

C are used
as fast (1000 times faster than nematic displays) elect
optical switches [4,5]. Their application is based o
Clark and Lagerwall [4] observation that in thin sample
(of micrometer size) the helix unwinds, and polarizatio
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adopts the same direction in each layer. The dislocatio
polarization coupling effect could be sufficiently strong t
unwind the helix even in the bulk sample.

One can observe the polarization-dislocation coupli
by placing the dislocation line perpendicularly to a
electric field. Then the line should distort due to th
polarization-electric-field interaction. In order to observ
this effect we have prepared a freely suspended film
Sp

C liquid crystal by expanding its droplet on a frame wit
one movable edge [6], and placing the frame into a h
stage. The film is observed with a video camera via t
reflected light microscopy [7]. In order to produce dislo
cation loops, a stainless steel needle of diameter 0.36
(initially coated with the liquid crystal and approache
from below) is passed through the homogeneous fi
[8]. The needle is mounted on a hot stage in order
avoid the heat transfer between the needle and the fi
The meniscus that forms around the needle consists
dislocation loops [8]. We apply a rectangular voltage
the needle, and a radial electric field is created arou
the needle. When the frequency of the applied field
large (.1 kHz) nothing happens. The ions are immobi
and the screening at large distances is achieved. W
the frequency is lowered and reaches 10 Hz we start
observe a distortion of the meniscus. The dislocati
loops forming the meniscus change their shape with
frequency of the applied field. A characteristic “flowe
pattern” appears with a certain number of petals (finger
This number depends on the applied voltage as shown
Fig. 1. The dark part around the dark needle shows
meniscus consisting of dislocation loops. The change
shade in Fig. 1 is related to the change of the thickness
the sample. The observation was made without cross
larizers, and the change of thickness was clearly visible
a change of shade for monochromator light or the chan
of color for white light. We have used C7 material [4
(3-methyl-2-chloropentanoyloxy)-4’-heptyloxybiphenyl]
© 1998 The American Physical Society
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FIG. 1. Top view of theSp
C film of C7 with a needle inserted

(dark circular part) and a meniscus around it (dark part). Thr
fingers (at 20 V) and five fingers (at 60 V) are clearly visible
Observation was made in unpolarized light with the reflecte
light microscopy. The dark line around fingers corresponds
the change of the film thickness.

[9,10], which has the following sequence of phase tra
sitions: SG ! Sp

C (42.4 ±C), Sp
C ! SA (54 ±C), SA ! I

(61.3 ±C). The effect disappeared when the sample w
heated above theSp

C-SA transition temperature. It also
disappeared inSp

C when the frequency of the ac electric
field was high (.100 Hz) or, also, in the case of dc electric
field. When the frequency was very low (,0.1 Hz) the
fingers appeared for a short moment every few secon
(according to the frequency of the applied voltage). Th
effect clearly involves dislocations (change of thickne
is visible), the polarization (no effect inSA), and a partial
lifting of the ion screening (no effect for ac field at high
frequency or for dc field).

A qualitative explanation of the phenomenon is as fo
lows: when the voltage changes sign the ions move fo
very short period of time, and the screening is partial
lifted. A comparison with theoretical predictions show
that the screening is lifted at distances of the order
104 2 105 Å. Then the Coulomb interaction between po
larization charges orientsP along the dislocation loops.
The radial electric field, perpendicular to the loops, di
torts them in a characteristic way due to the polarizatio
electric field interaction. This explanation is supported b
our theoretical calculations.
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To study the problem theoretically we assume th
presence of a circular dislocation line formed around
cylindrical electrode placed in the middle of the film
The electric field depends only on the distance from t
electrode. We are interested in the effect of the elect
field on the shape of the dislocation line. To solve th
problem we assume that the interaction given by (1) lea
to the boundary condition thatP on the dislocation line is
oriented along this line. In order to simplify the problem
further we neglect the standard in plane Frank elastic
and flexoelectric terms [2], and to get some insight in
the problem we consider a free-energy functional in whic
only the interaction of the defect region with the electr
field is considered. In the following we assume that th
film is uniform in the z direction and consider a two
dimensional problem of a dislocation line in an extern
electric field E. The presence of the defect change
the distribution of dipole moments in its neighborhood
provided that the local orientation of the dislocation lin
is different fromE. The energetic effect of this line can
be obtained by calculating first the free energy of th
system in the presence of the line and then subtract
the free energy of the system without that line. Th
difference corresponds to the interaction of the dislocati
line with E. The free energy of this interaction can b
approximated as follows:

Fe ­ 2
I

sPljE ? dlj 2 PljEj jdljd , (2)

where the integration is along a closed contour andPl

is the dipole moment per unit length. It follows from
(2) that a piece of line parallel toE does not contribute
to Fe. The presence ofjE ? dlj reflects the fact that
the dipoles always choose the direction along the li
corresponding to the lower energy. We assume th
Pl ­ Pl0D, wherel0 is an average distance over whic
the polarization is parallel to the dislocation line andD is
the thickness of the film.l0 is a fitting parameter, which
roughly describes the range of influence of the long-ran
Coulomb interaction on the polarization distribution in th
sample.

Deformation of the circular shape of the dislocatio
line also costs energy, and this cost is proportional
the line tension [2]g ­

p
K1B m2d2y2j 1 ec, whereK1

andB are the elastic constants corresponding to the lay
undulation and compression, respectively,d is the average
layer thickness,md is the Burger’s vector of the dis-
location, j , md is a cutoff length, andec is the core
energy of the dislocation. Here we setm ­ 1 since in
smectic films only elementary edge dislocations form [8

The position of the deformed line in polar coordinate
is given by slx , lyd ­ Rf1 1 lrswdg scosw, sinwd, where
R is the radius of the unperturbed line, andlr denotes
the amplitude of the deformation. Assuming thatE ­
E0Rr̂yr we obtain the following expression for the free
5849
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energy functional:Fflr g ­ gR
R2p

0 dwfslr , Ùlrd, where

fslr , Ùlrd ­

"q
s1 1 lrd2 1 Ùl2

r 2 1

∏
2

a
1 1 lr

3

"
jÙlr j 2

q
s1 1 lr d2 1 Ùl2

r

#
(3)

denotes the dimensionless free energy per unit angle,Ùlr ­
dlrydw, anda ­ PlE0yg. E0 can be expressed in terms
of the difference of the electrostatic potential betwee
the electrodesDF and the distanceL between them,
i.e., E0 ­ DFyfR lns1 1 LyRdg. In the absence of any
deformation (lr ­ 0) F ­ 2pa. The above functional
is not bound from below if we allow for deformations
of either sign. However, in practice the dislocation lin
forms close to the inner electrode, which acts as a ha
circular wall. Thus, we minimizeFflr g under constraint
lr $ 0.

Because of the presence ofjÙlr j in (3) Ùlr can be dis-
continuous at some points, which are disclination poin
where a local polarization is not well defined (see cus
in Fig. 2). In fact, in three dimensions we have discl
nation lines oriented along the film normal. We expe
that the energy of these disclinations is of the same ord

FIG. 2. Three and five fingers obtained from the theory for th
parameters corresponding to the experimental situation sho
in Fig. 1 (see also Fig. 3).
5850
n

e
rd

ts,
ps
i-
ct
er

e
wn

as in a nematic liquid crystal. The latter, calculated p
unit length, is given by [2]t ­ pKm2

1 lnsrmaxya0d 1 ec,
whereK is the average elastic constant,m1 is the strength
of the disclination (integer or half integer),a0 is of molecu-
lar size,rmax is of the order of the distance to other discl
nations, andec is the core energy of the disclination
typically lnsrmaxya0d , 10, hencet , 30K (we setm1 ­
1). The energy of disclination lines, which is proportion
to the film thickness, must be added to the free ener
Our strategy is as follows: first we minimizeFflr g at fixed
a and for a fixed number2n of disclinations located along
the dislocation line. Then we take into account the fr
energy of disclinations, which is in the first approximatio
proportional to their number. The equilibrium number
disclinations corresponds to the minimum of the total fr
energy at a given value ofa.

To proceed we consider structures ofn-fold symmetry,
i.e., we assume thatlr s2pyn 6 wd ­ lrswd. Then the
free-energy functional can be expressed as follows:

Fflr g ­ 2gRn
Z pyn

0
dwfslr , Ùlrd , (4)

where it is assumed that the sign ofÙlrswd does not change
for 0 # w # pyn. Minimization of F at n fixed leads
to the Euler-Lagrange equation together with the tw
boundary conditions:≠fy≠Ùlrspynd ­ 0 and lr s0d ­ 0.
The latter boundary condition corresponds to the fact t
Fflrg is not bound from below, and only the presen
of the inner electrode introduces a geometrical constra
lr $ 0. Thus, it is energetically favorable to have th
inner part of a deformed dislocation line as close to t
electrode as possible.

SinceH ­ Ùlr≠fy≠Ùlr 2 f ­ const forlrswd satisfying
the Euler-Lagrange equation, we find that

Ùlr ­
1
jcj

s1 1 lr d
q

s1 1 a 1 lrd2 2 c2 , (5)

where the integration constantc, obtained from the
first boundary condition, satisfiesc2 ­ f1 1 a 1

lrspyndg2 2 a2. The equilibriumlrswd is given implic-
itly byZ lr swd

0

dlr

s1 1 lrd
p

s1 1 a 1 lrd2 2 c2
­

w

jcj
. (6)

Using (6) forw ­ pyn together with the expression fo
c we find, for givena andn, the amplitudelr spynd and
the free energyFsn, ad of the structure. The total free
energyFtot is obtained by adding toF the contribution
from disclinations, i.e.,

Ftotsn, ad
gR

­
Fsn, ad

gR
1 2ned , (7)

whereed ­ tDysgRd. The equilibrium value ofn cor-
responds to the minimum ofFtot, provided that this
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FIG. 3. Number of fingers vs voltage for C7 obtained from
the experiment (squares and triangles) and theory (dashed lin
“up” and “down” correspond to the direction of the voltage
changes. The fitting parameters:ed ­ 1.0 and ayDF ­
0.246 V21 (l0 ø 1.6 3 104 Å).

minimum is lower thanFflr ­ 0g ­ 2pa, and we con-
sidern $ 2.

In order to estimateed we assume thatK1 ­ K, which
gives ed , 30lDydR. Since l ­

p
K1yB ø 300 Å is

large compared tod ø 30 Å in smectic C liquid crystals
[11] it should also be large inSp

C . For R ­ 0.36 mm
and D ø 103 Å up to 104 Å we find thated is between
0.1 and 1.

From the definition of the parametera we have

a ­
Pl0DF

g

D
R lns1 1 LyRd

(8)

and we assumeg ­ 1027 dyn, D ­ 103 Å R ­
0.36 mm, L ­ 1 cm, P ­ 600 statcoulomb cm22 (for
C7). For these valuesa ø 1.65 3 103l0DF scm Vd21,
(300 V ­ 1 statvolt). Since the Coulomb interactions
given by (1) are of long range, we expectl0 to be large
(,104 Å).

We observe the following behavior: for small voltage
(V ) the dislocation line remains circular up to the thresh
old field at which the first transition to a symmetric struc
ture occurs. Then the increase ofV leads to a sequence
of transitions, and at each transitionn increases by one.
This is shown in Fig. 3, where the experimental resul
are compared with the theory.

Our analysis of the phenomenon can only be qualit
tive, since we do not know how good the screening is a
how the partial screening changes with time when ion
[12] and dislocations move. The long range character
the Coulomb interactions has been only partially include
e);

-
-

ts

a-
nd
s

of
d

in the parameterl0 and in the condition that the polar-
ization is always parallel to the dislocation line. Never
theless, our results suggest that the Coulomb interacti
between polarization charges prefers the polarizatio
aligned parallel to the dislocation line. Our simplified
theory also grasps the essence of the phenomenon.

For the technological applications it is important to un
derstand the behavior of polarization when the electr
field is switched between two states. The fast process
the polarization reorientation (,microseconds) in ferro-
electric smectics is very well understood [13]. Howeve
the processes that take place at low frequencies of the
plied field are not [14]. Here we have shown that th
combination of the defects and the low-frequency electr
field in ferroelectric smectics leads to the deformation o
the sample. In the presence of dislocations the interacti
given by (1) may lead to the unwinding of the helix in a
bulk sample, provided that the sample is sufficiently pur
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