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Ferroelectric ordering and electroclinic effect in chiral smectic liquid crystals

Yu. G. Fokin,* T. V. Murzina, and O. A. Aktsipetrov
Physics Department, Moscow State University, Moscow 119992, Russia

S. Soria† and G. Marowsky
Laser-Laboratorium Goettingen e.V., Hans-Adolf-Krebs-Weg 1, D-37077 Goettingen, Germany

~Received 30 May 2003; published 4 March 2004!

Ferroelectric ordering, the electroclinic effect, and chiral smecticC(SmC*) –smecticA phase transitions in
thin planar ferroelectric liquid crystal~FLC! cells are studied by means of linear electro-optic and second
harmonic generation~SHG! techniques. The ferroelectric switching is detected in biased FLC cells by mea-
suring azimuthal dependences of linear and nonlinear responses. The applied dc electric field rotates the FLC
symmetry axis with initial and final orientations in the cell plane. Comparative studies of the SHG switching
behavior in reflection and transmission geometries allows one to distinguish the contributions from the bulk
and the subsurface layers of the cell. The analysis of SHG temperature dependences shows the existence of a
strong surface coupling. The temperature-dependent nonlinear polarization shows a critical behavior with the
exponent;0.3 in SmC* phase.
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I. INTRODUCTION

Ferroelectric liquid crystals~FLC! have been studied in
tensively for several decades. Chiral smectic liquid crys
~LC! have unique material properties such as spontane
polarization@1#. Although a single chiral smectic LC mol
ecule has a nonzero dipole moment due to symmetry con
erations@2#, LC molecules in the bulk of the sample tend
form a helical structure which leads to polarization comp
sation. The helix can be unwound by application of a stro
electric field or using thin test cells. Conventionally, t
alignment of LC molecules is obtained by unidirectional m
chanical rubbing of a thin polymer layer which coats t
inner cell surfaces. Thus, the LC molecules point their lo
axes along the rubbing direction. This anisotropic interact
influences the ferroelectric ordering and the switching beh
ior which are of great practical importance for any LC d
vice. The ferroelectrically ordered smecticC ~SmC* ! phase
is characterized by a nonzero angle between the molec
long axis and the smectic layer normal. This tilt angle is
order parameter which is used to describe the second-o
SmC* –SmA* ~smecticA! phase transition.

In several studies the temperature dependence of the
angle below the critical temperature follows a power law
0.5 ~classical behavior! @3#, whereas in other studies it fol
lows a power law of 0.3, in strong analogy with the sup
fluid helium predicted by de Gennes@4#. The SmA* phase in
the vicinity of the transition point has also been the subj
of intensive investigations, since in that part of the critic
region the electroclinic~EC! effect can induce a tilt angle
which is proportional to the electric-field strength@5#. The
induced tilt angle is also strongly temperature dependent
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increases while approaching the phase transition temp
ture. Another type of this phenomenon, the so-called surf
EC effect, is observed in the interfacial region of the FL
cells and originates from the interaction of the subsurfa
layers of chiral smectic LC molecules and a localized surf
field @6#. In the vicinity of the transition point, the critica
exponents of the tilt angle are in the range of 0.5–1.5@4–7#.
The surface EC effect results in the existence of subsur
region in which the director is twisted from the rubbing ax
to the bulk alignment direction. The ferroelectric properti
of this region are of great importance as they play the do
nant role in LC devices.

In this paper we use linear electro-optic~EO! and second
harmonic generation~SHG! techniques for investigation o
ferroelectric ordering, SmC* –SmA* phase transitions, and
the EC effect in thin FLC cells. The main emphasis is ma
on comparative studies of the SHG reflection and transm
sion experimental geometries in order to figure out the r
of subsurface layers and the bulk in ferroelectric phase tr
sitions. The SHG method is well known for its sensitivity
symmetrical, structural, and electronic properties of surfac
interfaces, and ultrathin films, and has been widely u
along with EO for studying ferroelectric properties of chir
smectic LC@8#. As the SHG response strongly depends
the polar state of the matter because of its unique sensit
to the breakdown of the inversion symmetry@9#, it is a pow-
erful instrument for probing ferroelectric phase transitio
and electric-field-induced effects in the vicinity of the critic
region.

II. MODEL DESCRIPTION

We studied linear and nonlinear quadratic responses of
FLC cells upon application of an electric field and tempe
ture variation up to the SmC* – SmA* phase transition. Chi-
ral smectic LC belong to theC2 point group symmetry with
the symmetry axis oriented in the cell plane. A schema
representation of the FLC cell and the coordinate system
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shown in Fig. 1. In this coordinate frameOZ is the normal to
the cell,XY is the cell plane, and theC2 axis is parallel to
the OY direction and coincides with the main optical ax
We assume the FLC cell to be uniaxial, with the ordinary a
extraordinary refractive indicesn05nx5nz andne5ny , re-
spectively. The transmittance of an optically active plate
thicknessd and birefringenceDn at the wavelengthl in
crossed-polarizers geometry is determined by the equati

T5sin2~2a!sin2
Dnpd

l
, ~1!

wherea is the angle between the main optical axes and
polarization direction of the incident light. The linear electr
optic tensorr i jk , where indicesi, j, k denote the axes of th
cell coordinate system, has eight nonvanishing compon
r xxy , r yyy , r zzy, r yzx, r yzz, r xzy, r xyx , r xyz @10#. Applica-
tion of the dc electric fieldE alongOZ direction leads to the
rotation of the optical axes, which could be interpreted
terms of the rotation of the ellipse of refractive indices. T
equation of index ellipsoid in the presence of the elec
field E has the form

x2

nx
2

1
y2

ny
2

1
z2

nz
2

12yzryzzE12xyrxyzE51. ~2!

The transformation of Eq.~2! to the canonical form gives
the dc field-induced rotation of the undisturbed system
coordinates based on the main optical axes. Considering
rotation only aroundOZ axis, the influence of the electri
field can be described by the tilt of the main optical axis
the cell plane with the dependence of the turn angleDa on
the electric field as

Da5
1

2
arctan

2r xyzE

1

no
2

1
1

ne
2

. ~3!

The nonlinear quadratic susceptibility tensor of the FLC c
with C2 symmetry is given by following nonvanishing com
ponentsx i jk , xyxx , xyyy , xyzz, xyzx, xxyz, xxxy , xzyz, xzxy
@11#. The contribution of each quadratic susceptibility co
ponent to the SHG intensity depends on the angle of in

FIG. 1. Schematic representation of experimental geometry
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dence of the fundamental radiation, on the azimuthal posi
of the sample, and on polarizations of the input and SH
light. In transmission geometry at normal incidence on
three components of quadratic susceptibility participate
SHG, xyxx , xxxy , andxyyy , and forpp geometry the SHG
intensity can be expressed by

I pp
2v;cos2u@xyyycos2u1~2xxxy1xyxx!sin2u#2, ~4!

where the azimuthal angleu is the angle between the direc
tion of thep polarization andC2 axis of the cell symmetry.
By fitting the anisotropy dependences of the SHG intens
in all combinations of polarizations, the corresponding co
ponents of the quadratic susceptibility can be extracted.

According to a well-known model, in the smectic plan
layers FLC molecules can precess on the surface of
smectic cone@12#. Ferroelectric switching is attributed to th
interaction between the molecular dipoles and external e
tric field and results in rotation of the molecules and, cor
spondingly, of the symmetry axes within half of the smec
cone. If the molecular director positions, corresponding
the saturating electric fields of the opposite values, are in
cell plane and on the opposite sides of the smectic cone,
Eq. ~3! can be used for the explanation of ferroelect
switching probed by optical methods, as it shows the
plane rotation of the main optical axis.

The angle between the molecular long axis and the n
mal to the smectic layers, i.e., the apex angle of the cone
the order parameter of the SmC* – SmA* phase transition,
vanishing in the SmA* phase. It can also have a finite mag
nitude in the SmA* phase in the vicinity of the critical tem-
perature due to the EC effect. The temperature-indu
changes of this angle lead to the changes ina andu angles
which are determined by the orientation of the main axis.
show below that the temperature and electric-field dep
dences of the main axis orientation can be deduced f
linear and nonlinear-optical experiments, in order to descr
the ferroelectric switching, phase transitions, and the EC
fect in FLC cells.

III. EXPERIMENT

The principal arrangement of the experimental setup
described elsewhere@13#. Briefly, an optical parametric os
cillator ~OPO! laser system is used as a source of the fun
mental radiation, with the output wavelength of 537 nm, re
etition rate 10 Hz, and pulse duration 4 ns. An appropriate
of color filters is used for linear- and nonlinear-optical me
surements. A photodiode or a photomultiplier tube and ga
electronics are used as a registration system for linea
nonlinear experiments. The temperature is varied from 20
55 °C and automatically controlled by a digital thermocoup
thermometer with the accuracy of about 1 °C. An elect
field in the range of215 to115 MV/m is applied alongOZ
axis through the indium tin-oxide~ITO! electrodes. Commer
cial FLC cells~E.H.C. Co., Tokyo! of a nominal thickness of
2 mm are used. These cells contain glass plates, ITO e
trodes, and unidirectional rubbed polyamide surface lay
The samples are prepared by a slow cooling of the mixt
1-2
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@13#, capillary filled in the isotropic phase. The critical tem
perature of the SmC* -SmA* phase transition for the studie
mixture is about 42 °C. The SHG and linear-optical transm
tance of the empty cell are studied in the temperature reg
of SmC* and SmA* phases to determine its nonlinear qu
dratic susceptibility and optical activity which can decrea
the contrast of the measured effects in FLC cells. Anisotro
dependences of linear and nonlinear responses from th
gions of the empty cell with and without ITO layers a
studied. The dependences reveal fully isotropic characte
p-polarized SHG due to the in-plane symmetric structure
the ITO electrodes and glass walls of the cells. The inten
of thep-polarized SHG from the empty cell both in reflectio
geometry and in transmission at normal incidence of the f
damental beam is comparable with the SHG intensity in
minimum of the anisotropic SHG dependences.

To prove the regular character of the nonlinear respo
from FLC cells, the SHG spectrum, indicatrix, and the SH
intensity dependence on the incident laser power are stud
The spectrum is studied using a monochromator placed p
to the registration system, and revealed a maximum in
region of the double frequency of the fundamental radiati
Along with the quadratic dependence of the SHG intensity
input power of the incident light it indicates that nonlinea
optical response from the FLC cells is of the second ord
The angular dependence of the scattered SHG has a s
maximum in the direction of the specular reflection, simi
to that observed previously for similar samples@13#. The
ratio of the specular and diffuse SHG intensities is about 13,
which indicates a dominantly regular character of the non
ear quadratic response from the FLC cells.

To determine the in-plane components of the nonlin
susceptibility, the SHG intensity dependence vs azimu
angle is measured at normal incidence in transmission ge
etry for different polarization combinationspp, ss, ps, sp,
where the first letter denotes the polarization of the incid
light and the second one denotes polarization of the li
transmitted through the analyzer placed after the sample.
observed anisotropy is shown in Figs. 2~a! and 2~b! and cor-
relates well with the dependence~4!, obtained for aC2 sym-
metry structure. These dependences are measured in th
sence of the dc electric field.

Ferroelectric switching of the cells is studied by meas
ing the anisotropy dependences of the SHG intensity at
ferent values of the external dc electric field applied alo
the normal to the cell plane. Figure 3~a! shows the SHG
intensity measured in the transmission geometry forpp com-
bination of polarizations and for dc electric field of the o
posite sign. The dependences are shifted relative to e
other, the phase difference is about 30°. In Fig. 3~b! the
dependences of the SHG intensity vs electric field are sh
for different anisotropy positions of the cell. The anisotro
position determines the contrast value of the ferroelec
switching dependences and the ratio between SHG respo
corresponding to opposite biases. Ferroelectric switch
studied in reflection geometry and performed for thepp po-
larizations, also exhibits a shift of the anisotropy depe
dences for opposite electric fields with a phase difference
about 20°.
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The anisotropy of the linear-optical response in transm
tance through the FLC cell is measured in crossed-polari
geometry and is shown in Fig. 2~c!. Application of the elec-
tric field leads to a shift of the linear transmittance anis
ropy, as in the nonlinear case. In both cases, we observ
shift of about 30°.

Temperature dependences of the SHG response are t
in reflection geometry at the angle of incidence of about 4
and in transmission at normal incidence. The cases of
presence and absence of external dc field are studied. Fi
4~a! shows temperature dependences of the SHG intensi
pp-transmission geometry for biased~filled circles and
squares! and unbiased~open circles! cells. In the absence o
the electric field the temperature dependence of the S
intensity approaches a constant value at critical tempera
in accordance with a power law atT,Tc , and shows no
manifestation of the surface EC effect atT.Tc in the SmA*
phase. For biased LC samples, a critical behavior of the S
intensity typical for the EC effect is obtained in the SmA*
phase in the vicinity of the phase transition.

IV. DISCUSSION

FLC cell structure usually contains layers with differe
direction of spontaneous polarization—twisted or helic
dally wounded layers. This modulation of the space orien
tion of molecular dipoles is governed by the intermolecu

FIG. 2. Anisotropy dependence of the SHG intensity in tra
mission through the FLC cell in the SmC* phase. ~a! ss ~filled
circles! andsp ~open circles! and~b! pp ~filled circles! andps ~open
circles! geometries.~c! Anisotropy dependence of the linear tran
mittance at cross-polarizers geometry in the SmC* phase. Solid
lines are calculated from theory.
1-3
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forces and substrate influence. We suppose that in the
sence of the dc electric field the cell has a net dipole mom
and theC2 symmetry axis lying in the cell plane. Then it
possible to approximate the anisotropy dependences of S
intensity in all the possible combinations of input and outp
polarizations in transmission at normal incidence by form
las analogous to Eq.~4! for pp case. In Fig. 2 the calculate
curves are shown for all geometries. The approximat
gives the ratios between in-plane components of nonlin
susceptibility

xxxy :xyyy :xyxx51:24:23.3. ~5!

The linear transmittance anisotropy has four equal pe
and no dark extinction, which is typical for twisted stru
tures. Assuming the main optical axis to lie in the cell pla
the approximation of the linear anisotropy dependence
Eq. ~1! gives a birefringence of;0.083, which correspond
to the characteristic values for smectic LC measured by o
authors@8#. The comparison of nonlinear and linear anis
ropy dependences indicates that theC2 symmetry axis, cor-
responding to the maximum of the SHG anisotropy inpp
geometry, and the main optical axis, corresponding to
minimum of the linear transmittance anisotropy insp geom-
etry, are parallel.

Temperature dependences of the SHG intensity for
applied electric field of different polarities reveal
hysteresis-free SmC* – SmA* second-order phase transitio
A typical critical behavior in the vicinity of the
SmC* – SmA* phase transition is obtained. A nonzero SH

FIG. 3. ~a! Anisotropy dependence of the SHG intensity
transmission geometry at different bias voltages applied:18 V
~filled circles!, 28 V ~open circles!. Solid lines are calculated by
Eq. ~12!; ~b! SHG intensity dependence on the bias voltage in tra
mission for anisotropy positions 100~open circles! and 230~filled
circles!. Solid lines are calculated by Eqs.~12! and ~13!.
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signal in the SmA* phase denotes that some part of the c
is still oriented and has a polar order with an in-plane co
ponent of the nonlinear polarization. The temperature dep
dence of the SHG response for reflection geometry sh
qualitatively the same behavior as in transmission geome
which is connected with the SmC* – SmA* phase transition
in the subsurface layer of the cell. The SHG temperat
dependence can be explained by the interference of the fi
and temperature-dependent and field- and temperat
independent contributions to nonlinear polarization, resp
sible for the SHG signal. Then, we can write for the nonl
ear polarization

PW NL
2v5PW sur f

2v ~E,T!1PW bulk
2v ~E,T!1PW const

2v , ~6!

wherePW sur f
2v (E,T) andPW bulk

2v (E,T) are electric-field-~E! and
temperature-~T! dependent contributions to the nonlinear p
larization at double frequency from the subsurface layers
the bulk, respectively, andPW const

2v is a field- and temperature
independent component. For the transmitted SHG the co
lation length is about 5mm, while for reflection it is about
0.1 mm @14#, which indicates that in reflection a thin subsu
face layer participates in SHG. As SHG temperature dep
dences of subsurface layers and the bulk have the s
qualitative character, then eitherPW bulk

2v (E,T) andPW sur f
2v (E,T)

-
FIG. 4. ~a! Temperature dependence of the SHG intensity

transmission geometry at different bias voltage applied:18 V
~squares!, 0 V ~open circles!, 28 V ~filled circles!. Solid line is a fit
by Eq. ~8!; ~b! temperature dependence of the contrast in reflec
~filled circles! and transmission~open circles! geometries. Solid
lines are calculated by Eq.~11!.
1-4
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FERROELECTRIC ORDERING AND ELECTROCLINIC . . . PHYSICAL REVIEW E 69, 031701 ~2004!
from Eq. ~6! should be the same functions ofE andT or the
bulk contribution to nonlinear polarization should vanish.

Explanation of temperature dependences demands th
istence of an electric-field- and temperature-independen
plane contributionPW const

2v to the nonlinear polarization. Ori
entation of the molecules in the bulk layers of the cell can
electric-field independent in some experimental geomet
depending on the layer packing, but temperature depend
is obligatory because of the presence of the SmC* – SmA*
phase transition. Then the nonswitching layer should be
the subsurface region. We can assume that a ‘‘frozen’’ s
surface layer, with a thickness smaller than the correla
length for SHG in reflection geometry, exists. It is strong
stabilized by the surface coupling, and does not respon
any external electric-field or temperature variations, as w
as the layer closest to the substrate. The latter has onz
component of the nonlinear polarization, as the dipole m
ments of its molecules are directed along the normal to
substrate plane, and then it does not contribute to the SH
normal incidence. The in-plane spontaneous polarization
exist when the molecules rotate from layer to layer wh
moving from the surface to the bulk of the cell. Then t
twist of the directors appears, resulting in the so-cal
twisted structure of the subsurface layers.

Let us figure out the interconnection between the temp
ture dependences of SHG and the order parameter of
SmC* – SmA* phase transition. Usually the order parame
of this phase transition is the tilt angle, as spontaneous
larization is compensated because of the helical struct
The thickness of the cells studied in this paper is smaller t
the helix pitch, besides, anisotropic interaction with the s
strate produces an additional orientational order of the F
molecules, so that the cells have spontaneous polariza
PW sp in SmC* phase.PW sp decreases in SmA* phase and is a
linear function of the tilt angleu(E,T). So we can write for
the SHG intensity

AI 2v;PW NL
2v;PW sp;u~E,T!, ~7!

assuming thatAI 2v(E,T) has the same critical dependen
on temperature as the tilt angle. Then, according to Eqs.~6!
and ~7!, the temperature-dependent contributionAI 2v(E,T)
in the absence of the electric field and forT,Tc can be
approximated by the following expression:

AI 2v~E50!;Pconst
2v 2P0

2vS 12
T

Tc
D b

, ~8!

wherePconst
2v and P0

2v are proportional to isotropic and an
isotropic contributions of nonlinear polarizations,Tc is the
temperature of the phase transition, andb is the critical ex-
ponent. Approximation of the curve is shown in Fig. 4~a! by
a solid line, withb50.31.

To compare the temperature behavior of the nonlinear
larization in the vicinity of the phase transition for reflectio
and transmission cases, we introduce the contrast of the
pendences as
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K5
AI 2v~1E!2AI 2v~2E!

AI 2v~1E!1AI 2v~2E!
, ~9!

where I 2v(6E) are the SHG intensities for positive an
negative voltages applied to the cell. In Fig. 4~b! the contrast
vs temperature is shown for reflection and transmission
ometries. The contrast determined in such a way show
behavior similar to that of the order parameter near the ph
transition. Introducing SHG intensity dependences on te
perature in the presence of the electric field atT,Tc in the
way, analogous to Eq.~8!,

AI 2v~6E!;Pconst
2v 6P0

2v~6E!S 12
T

Tc
D b

, ~10!

and supposingP0
2v(E)5P0

2v(2E), we can express the con
trastK as

K;
P0

2v~E!

Pconst
2v S 12

T

Tc
D b

. ~11!

Approximation of the experimental dependences by Eq.~11!
in SmC* phase givesb50.31 @Fig. 4~b!#, as in the case of
the absence of the dc electric field. The amplitude of
contrast~11! depends on the ratioP0

2v(E)/Pconst
2v of field-

dependent and -independent contributions to the nonlin
polarization. In transmission this ratio can be bigger due
the larger amount of layers participating in ferroelect
switching, besides, the field-independent contribution of
boundary layer leads to the contrast decrease in reflec
geometry. These considerations explain why the contras
the temperature dependences and electric-field-induced
of the anisotropy dependences in transmission are big
than in reflection geometry, as obtained in the experimen

Temperature dependence of the contrast in the regio
the EC effect, atT.Tc , exhibits a nonzero electric-field
dependent polarization vanishing at;10 °C above the tran-
sition temperature. This indicates the presence of exte
dc-field-induced EC effect, taking place in the layers w
electric-field- and temperature-dependent polarization.

Application of dc electric field to the FLC leads to a sh
of the anisotropy dependences of the linear and nonlin
responses, as shown in Fig. 3~a!. Similar pictures are ob-
tained for the reflection geometry. As the character of anis
ropy dependences is the same in the presence of the field
suggestion of the switching mechanism based on the sym
try axis rotation in the cell plane seems to be rather realis
The shift originates from the rotation of the molecules in t
switching layers, the resulting nonlinear polarization of t
cell is the sum of unchanged quadratic polarization from
frozen layer, and from field-dependent region with the n
position of the symmetry axes. Thus for approximating t
SHG anisotropy dependence in the presence of the ele
field, we divide the nonlinear polarization into two parts, a
Eq. ~4! can be rewritten as

I pp
2v;@gPNL,pp

2v ~u1du!1~12g!PNL,pp
2v ~u!#2, ~12!
1-5
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FOKIN et al. PHYSICAL REVIEW E 69, 031701 ~2004!
whereg is the effective thickness of the switching layer re
tive to the nonswitching one anddu is a field-induced
change of the azimuthal angle. The value ofg is estimated to
be 0.5 which indicates that the magnitude of the fie
independent contribution is comparable to the fie
dependent one, allowing effective mutual interference in
cordance with Eq.~6!. Symmetry axis shiftdu between
opposite values of the voltage is about 52°. For electric-fi
dependences of the SHG intensity, shown in Fig. 3~b!, the
independent variable is the electric field, and in Eq.~12! the
azimuthal angleu is fixed by the anisotropy position. The
du becomes a function of the electric field, chosen, acco
ing to Eq.~3!, as a saturation function:

du~E!5b arctan@c~E2dE!#, ~13!

whereb and c are constants, depending on the strength
interaction between field and angle, anddE is a constant
determined by the history of ferroelectric switching, as
exhibits characteristic dc field hysteresis. Experimental
pendences in Fig. 3~b! are taken for two anisotropy position
with the difference inu;130 deg. Fitting one of the curve
by Eq. ~12! with Eq. ~13! allows one to extractb50.5 and
c50.63. Varying then onlydE andu during approximation
of the second curve gives the difference of the anisotr
position of about 126 deg, in good agreement with exp
mental conditions. Values ofdE in both cases lie in the re
gion of typical hysteresis width and do not exceed 1 V/mm.
The value ofb corresponds to the tilt of the symmetry axis
the cell plane, discussed above, Eq.~3!.
s.
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In conclusion, the electroclinic effect, the SmC* – SmA*
phase transition and ferroelectric switching have been s
ied in thin planar cells of ferroelectric chiral liquid crysta
by means of electro-optic and second harmonic genera
techniques. The analysis of the temperature dependenc
nonlinear quadratic response in the critical region leads
the assumption of a strong surface coupling existence, re
ing in the stabilization of several frozen subsurface lay
with the in-plane spontaneous polarization which is indep
dent of the electric field and the temperature. The criti
exponent is estimated to be;0.3 in SmC* phase in the
vicinity of the SmC* – SmA* phase transition. Ferroelectri
switching has been observed while studying linear and n
linear anisotropic responses and has been explained with
model, assuming an in-plane rotation of the symmetry a
main optical axes of the cells in the presence of dc exte
electric field.
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