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Ferroelectric ordering and electroclinic effect in chiral smectic liquid crystals
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Ferroelectric ordering, the electroclinic effect, and chiral smeg{iEmC*)—smecticA phase transitions in
thin planar ferroelectric liquid crystdFLC) cells are studied by means of linear electro-optic and second
harmonic generatiolSHG) 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 SNC* phase.
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[. INTRODUCTION increases while approaching the phase transition tempera-
ture. Another type of this phenomenon, the so-called surface
Ferroelectric liquid crystal$FLC) have been studied in- EC effect, is observed in the interfacial region of the FLC
tensively for several decades. Chiral smectic liquid crystalsells and originates from the interaction of the subsurface
(LC) have unique material properties such as spontaneouayers of chiral smectic LC molecules and a localized surface
polarization[1]. Although a single chiral smectic LC mol- field [6]. In the vicinity of the transition point, the critical
ecule has a nonzero dipole moment due to symmetry consid@xponents of the tilt angle are in the range of 0.542.57].
erations[2], LC molecules in the bulk of the sample tend to The surface EC effect results in the existence of subsurface
form a helical structure which leads to polarization compen{egion in which the director is twisted from the rubbing axis
sation. The helix can be unwound by application of a strong0 the bulk alignment direction. The ferroelectric properties
electric field or using thin test cells. Conventionally, the Of this region are of great importance as they play the domi-
alignment of LC molecules is obtained by unidirectional me-hant role in LC devices.
chanical rubbing of a thin polymer layer which coats the In this paper we use linear electro-opti€O) and second
inner cell surfaces. Thus, the LC molecules point their longharmonic generatiodSHG) techniques for investigation of
axes along the rubbing direction. This anisotropic interactiorferroelectric ordering, S& —SmA* phase transitions, and
influences the ferroelectric ordering and the switching behavthe EC effect in thin FLC cells. The main emphasis is made
ior which are of great practical importance for any LC de-0n comparative studies of the SHG reflection and transmis-
vice. The ferroelectrically ordered smectiz(SmC*) phase sion experimental geometries in order to figure out the role
is characterized by a nonzero angle between the molecul@f subsurface layers and the bulk in ferroelectric phase tran-
long axis and the smectic layer normal. This tilt angle is theSitions. The SHG method is well known for its sensitivity to
order parameter which is used to describe the second-ordéymmetrical, structural, and electronic properties of surfaces,
SmMC* —SmA* (smecticA) phase transition. interfaces, and ultrathin films, and has been widely used
In several studies the temperature dependence of the ti#long with EO for studying ferroelectric properties of chiral
angle below the critical temperature follows a power law ofsmectic LC[8]. As the SHG response strongly depends on
0.5 (classical behavior[3], whereas in other studies it fol- the polar state of the matter because of its unique sensitivity
lows a power law of 0.3, in strong analogy with the super-to the breakdown of the inversion symmef8y, it is a pow-
fluid helium predicted by de Gennp$]. The Smi\* phase in  erful instrument for probing ferroelectric phase transitions
the vicinity of the transition point has also been the Subjecﬁnq electric-field-induced effects in the vicinity of the critical
of intensive investigations, since in that part of the criticalr€gion.
region the electroclinidEC) effect can induce a tilt angle
yvh|ch is proporthnal to the electric-field strendth]. The Il. MODEL DESCRIPTION
induced tilt angle is also strongly temperature dependent and
We studied linear and nonlinear quadratic responses of the
FLC cells upon application of an electric field and tempera-
*Electronic address: yura@shg.ru; URL: http://www.shg.ru ture variation up to the S@"* —SmA* phase transition. Chi-
TPresent address: ICFO—Institut de Ciencies Fotoniques and Depal smectic LC belong to th€, point group symmetry with
of Signal Theory and Communications, Universitat Politecnica dethe symmetry axis oriented in the cell plane. A schematic
Catalunya, 08034 Barcelona, Spain. representation of the FLC cell and the coordinate system is
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X . dence of the fundamental radiation, on the azimuthal position
Smectic layers Evolfion ofhe rl‘°'e°”'es efleniction of the sample, and on polarizations of the input and SHG
light. In transmission geometry at normal incidence only
/ three components of quadratic susceptibility participate in
1 —— SHG, Xyxxs Xxxy: andyyyy, and forpp geometry the SHG
: :Uo intensity can be expressed by
; o}
B J 1260~ COS b XyyyCOS O+ (2xxy+ Xy SIPOL,  (4)
oL~ —»Py - _ ) _
” where the azimuthal angle is the angle between the direc-
Z A//' Rubbing directi Y tion of the p polarization andC, axis of the cell symmetry.
Kinc uobing dlrection By fitting the anisotropy dependences of the SHG intensity

in all combinations of polarizations, the corresponding com-
FIG. 1. Schematic representation of experimental geometry. ponents of the quadratic susceptibility can be extracted.
o ] ] ] According to a well-known model, in the smectic planar
shown in Flg. 1. In this coordinate fran@@Z is the normal to layers FLC molecules can precess on the surface of the
the cell, XY is the cell plane, and th€, axis is parallel 1o smectic cond12]. Ferroelectric switching is attributed to the
the OY direction and coincides with the main optical axis. jnteraction between the molecular dipoles and external elec-
We assume the FLC cell to be uniaxial, with the ordinary andyic field and results in rotation of the molecules and, corre-
extraordinary refractive indiceso=n,=n, andne=ny, re-  spondingly, of the symmetry axes within half of the smectic
spectively. The transmittance of an optically active plate ofcone. If the molecular director positions, corresponding to
thicknessd and birefringenceAn at the wavelength\ in  the saturating electric fields of the opposite values, are in the
crossed-polarizers geometry is determined by the equationce|| plane and on the opposite sides of the smectic cone, then
Eq. (3) can be used for the explanation of ferroelectric
Anmd (1) switching probed by optical methods, as it shows the in-
N plane rotation of the main optical axis.
) ) ) The angle between the molecular long axis and the nor-
wherea is the angle between the main optical axes and theng| to the smectic layers, i.e., the apex angle of the cone, is
polarization direction of the incident light. The linear electro- the order parameter of the §h—SmA* phase transition,
optic tensor;, , where indices, j, k denote the axes of the yanishing in the St* phase. It can also have a finite mag-
cell coordinate system, has eight nonvanishing componenigiyyde in the Sm* phase in the vicinity of the critical tem-
Fyxys Tyyys Fzzys Tyzxo Tyzz Txzys Txyxo Txyz [101 Applica-  perature due to the EC effect. The temperature-induced
tion of the dc electric field alongOZ direction leads to the changes of this angle lead to the changes iand # angles
rotation of the optical axes, which could be interpreted inyhich are determined by the orientation of the main axis. We
terms of the rotation of the ellipse of refractive indices. Theghow below that the temperature and electric-field depen-
equation of index ellipsoid in the presence of the electricdences of the main axis orientation can be deduced from
field E has the form linear and nonlinear-optical experiments, in order to describe
the ferroelectric switching, phase transitions, and the EC ef-
fect in FLC cells.
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, , . lIl. EXPERIMENT
The transformation of Eq2) to the canonical form gives

the dc field-induced rotation of the undisturbed system of The principal arrangement of the experimental setup is
coordinates based on the main optical axes. Considering tHescribed elsewhere 3]. Briefly, an optical parametric os-

rotation only aroundOZ axis, the influence of the electric Cillator (OPO) laser system is used as a source of the funda-
field can be described by the tilt of the main optical axis inmental radiation, with the output wavelength of 537 nm, rep-
the cell plane with the dependence of the turn angleon  €tition rate 10 Hz, and pulse duration 4 ns. An appropriate set

the electric field as of color filters is used for linear- and nonlinear-optical mea-
surements. A photodiode or a photomultiplier tube and gated
1 21y £ electronics are used as a registration system for linear or
Aa= 5 arctan——-——. () nonlinear experiments. The temperature is varied from 20 to

i + i 55 °C and automatically controlled by a digital thermocouple

n2 n? thermometer with the accuracy of about 1°C. An electric

field in the range of-15 to +15 MV/m is applied alon@®Z
The nonlinear quadratic susceptibility tensor of the FLC cellaxis through the indium tin-oxiddTO) electrodes. Commer-
with C, symmetry is given by following nonvanishing com- cial FLC cells(E.H.C. Co., Toky® of a nominal thickness of
PONENtSXijk » Xyxxs Xyyy: Xyzzr Xyzxs Xxyzs Xxxy» Xzyz» Xzxy 2 #m are used. These cells contain glass plates, ITO elec-
[11]. The contribution of each quadratic susceptibility com-trodes, and unidirectional rubbed polyamide surface layers.
ponent to the SHG intensity depends on the angle of inciThe samples are prepared by a slow cooling of the mixture
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[13], capillary filled in the isotropic phase. The critical tem-
perature of the S@*-SmA* phase transition for the studied
mixture is about 42 °C. The SHG and linear-optical transmit-
tance of the empty cell are studied in the temperature region
of SmMC* and SnA* phases to determine its nonlinear qua-
dratic susceptibility and optical activity which can decrease
the contrast of the measured effects in FLC cells. Anisotropy
dependences of linear and nonlinear responses from the re-
gions of the empty cell with and without ITO layers are
studied. The dependences reveal fully isotropic character for
p-polarized SHG due to the in-plane symmetric structure of
the ITO electrodes and glass walls of the cells. The intensity
of thep-polarized SHG from the empty cell both in reflection
geometry and in transmission at normal incidence of the fun-
damental beam is comparable with the SHG intensity in the
minimum of the anisotropic SHG dependences.

To prove the regular character of the nonlinear response
from FLC cells, the SHG spectrum, indicatrix, and the SHG
intensity dependence on the incident laser power are studied.
The spectrum is studied using a monochromator placed prior
to the registration system, and revealed a maximum in the
region of the double frequency of the fundamental radiation.
Along with the quadratic dependence of the SHG intensity vs
input power of the incident light it indicates that nonlinear- ]
optical response from the FLC cells is of the second order. W71 T T
The angular dependence of the scattered SHG has a sharp © 6 120 180 240 300 360
maximum in the direction of the specular reflection, similar Azimuthal angle (degrees)
to that observed previously for similar samplgs3]. The FIG. 2. Anisotropy dependence of the SHG intensity in trans-
ratio of the specular and diffuse SHG intensities is abodt 10 mission through the FLC cell in the SB1 phase. (@) ss (filled
which indicates a dominantly regular character of the nonlinjrcieg andsp (open circlesand(b) pp (filled circles andps (open
ear quadratic response from the FLC cells. circles geometries(c) Anisotropy dependence of the linear trans-

To determine the in-plane components of the nonlineamittance at cross-polarizers geometry in theGnphase. Solid
susceptibility, the SHG intensity dependence vs azimuthalines are calculated from theory.
angle is measured at normal incidence in transmission geom-
etry for different polarization combinationsp, ss ps sp
where the first letter denotes the polarization of the incident
light and the second one denotes polarization of the ligh
transmitted through the analyzer placed after the sample. Th

. : - ~*ropy, as in the nonlinear case. In both cases, we observed a
observed anisotropy is shown in FiggaRand 2b) and cor shift of about 30°.

relates well with the dependent#), obtained for &C, sym- Temperature dependences of the SHG response are taken
metry structure. These dependences are measured in the §hefiection geometry at the angle of incidence of about 45°
sence of the dc electric field. _ _ and in transmission at normal incidence. The cases of the
_ Ferroelectric switching of the cells is studied by measurresence and absence of external dc field are studied. Figure
ing the anisotropy dependences of the SHG intensity at difz(g) shows temperature dependences of the SHG intensity in
ferent values of the external dc electric field applied alongyp-transmission geometry for biasetfilled circles and

the normal to the cell plane. Figurga3 shows the SHG  squaresand unbiasedopen circles cells. In the absence of
intensity measured in the transmission geometrypfocom-  the electric field the temperature dependence of the SHG
bination of polarizations and for dc electric field of the op- intensity approaches a constant value at critical temperature
posite sign. The dependences are shifted relative to eadh accordance with a power law d@<T,, and shows no
other, the phase difference is about 30°. In Fig))3he  manifestation of the surface EC effectTat T, in the SnA*
dependences of the SHG intensity vs electric field are showphase. For biased LC samples, a critical behavior of the SHG
for different anisotropy positions of the cell. The anisotropyintensity typical for the EC effect is obtained in the &m
position determines the contrast value of the ferroelectrighase in the vicinity of the phase transition.

switching dependences and the ratio between SHG responses

corresponding to opposite biases. Ferroelectric switching, IV. DISCUSSION

studied in reflection geometry and performed for ipepo- FLC cell structure usually contains layers with different
larizations, also exhibits a shift of the anisotropy depen-irection of spontaneous polarization—twisted or helicoi-
dences for opposite electric fields with a phase difference oflally wounded layers. This modulation of the space orienta-
about 20°. tion of molecular dipoles is governed by the intermolecular

SHG intensity (arb. units)

Transmittance

The anisotropy of the linear-optical response in transmit-
ance through the FLC cell is measured in crossed-polarizers
eometry and is shown in Fig(@. Application of the elec-

éic field leads to a shift of the linear transmittance anisot-
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FIG. 3. (a) Anisotropy dependence of the SHG intensity in e o
50 55

transmission geometry at different bias voltages applie® V
(filled circles, —8 V (open circles Solid lines are calculated by Temperature (°C)
Eq.(12); (b) SHG intensity dependence on the bias voltage in trans- ) o
mission for anisotropy positions 1G@pen circley and 230(filled FIG. 4. (a) Temperature dependence of the SHG intensity in
circles. Solid lines are calculated by E¢q4.2) and(13). transmission geometry at different bias voltage applied V
(squarey 0 V (open circleg, —8 V (filled circles. Solid line is a fit
forces and substrate influence. We suppose that in the aBY E9.(8); (b) temperature dependence of the contrast in reflection
sence of the dc electric field the cell has a net dipole momerffilled circles and transmissior(open circles geometries. Solid
and theC, symmetry axis lying in the cell plane. Then it is lines are calculated by Eq11).
possible to approximate the anisotropy dependences of SHG )
intensity in all the possible combinations of input and outputSignal in the S* phase denotes that some part of the cell
polarizations in transmission at normal incidence by formudS still oriented and has a polar order with an in-plane com-
las analogous to Eq4) for pp case. In Fig. 2 the calculated Ponent of the nonlinear polarization. Thg temperature depen-
curves are shown for all geometries. The approximatiorflence of the SHG response for reflection geometry shows

gives the ratios between in-plane components of nonlineafualitatively the same behavior as in transmission geometry,
susceptibility which is connected with the Sof —SmA* phase transition

in the subsurface layer of the cell. The SHG temperature
Xxxy - Xyyy - Xyxx=1:24:—3.3. (5) dependence can be explained by the interference of the field-
and temperature-dependent and field- and temperature-
The linear transmittance anisotropy has four equal peakdependent contributions to nonlinear polarization, respon-
and no dark extinction, which is typical for twisted struc- sible for the SHG signal. Then, we can write for the nonlin-
tures. Assuming the main optical axis to lie in the cell planeear polarization
the approximation of the linear anisotropy dependence by
Eq. (1) gives a birefringence of-0.083, which corresponds P20 =P2° (E,T)+ P2 (E, T)+P2 _, (6)
to the characteristic values for smectic LC measured by other
authors[8]. The comparison of nonlinear and linear an'SOt'whereﬁgl‘;’rf(E,T) and 5§ﬁ.k(E,T) are electric-field{E) and

ropy dependences indicates that Dgsymmetry axis, cor- temperature¢T) dependent contributions to the nonlinear po-

responding to the maximum of the SHG anisotropypm L
geometry, and the main optical axis, corresponding to théarlzatlon at double frequengy from the subsurface layers and

minimum of the linear transmittance anisotropysingeom-  the bulk, respectively, anBtZ, . is a field- and temperature-
etry, are parallel. independent component. For the transmitted SHG the corre-
Temperature dependences of the SHG intensity for théation length is about um, while for reflection it is about
applied electric field of different polarities reveal a 0.1#m[14], which indicates that in reflection a thin subsur-
hysteresis-free SB¥ —SmA* second-order phase transition. face layer participates in SHG. As SHG temperature depen-
A typical critical behavior in the vicinity of the dences of subsurface layers and the bulk have the same

SMC*—SmA* phase transition is obtained. A nonzero SHGqualitative character, then eithBg<(E,T) and P2 (E,T)
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from Eq.(6) should be the same functions BfandT or the JZ°(FE) - I(—E)

bulk contribution to nonlinear polarization should vanish. K= , (9)
Explanation of temperature dependences demands the ex- VIZ°(+E)+\12(—E)

istence of an electric-field- and temperature-independent in-

where 12¢(+E) are the SHG intensities for positive and
&egative voltages applied to the cell. In Figbythe contrast
ys temperature is shown for reflection and transmission ge-
etries. The contrast determined in such a way shows a
ehavior similar to that of the order parameter near the phase

phase transition. Then the nonswitching layer should be jiransition. Introducing SHG intensity erendence§ on tem-
the subsurface region. We can assume that a “frozen” sypPerature in the presence of the electric fieldrat T, in the

surface layer, with a thickness smaller than the correlationf'®Y" analogous to Ed8),

length for SHG in reflection geometry, exists. It is strongly T\8

stabilized by the surface coupling, and does not respond to JIZ9(xE)~P22 .+ pgw(iE)< 1— _> , (10)
any external electric-field or temperature variations, as well Te

as the layer closest to the substrate. The latter has only

component of the nonlinear polarization, as the dipole moand supposin®3“(E) = P§“(—E), we can express the con-
ments of its molecules are directed along the normal to th&astK as

substrate plane, and then it does not contribute to the SHG at

plane contributiorP2¥, ., to the nonlinear polarization. Ori-

entation of the molecules in the bulk layers of the cell can b
electric-field independent in some experimental geometrie
depending on the layer packing, but temperature dependen
is obligatory because of the presence of theC3mSmA*

normal incidence. The in-plane spontaneous polarization can PS“'(E) T\8
exist when the molecules rotate from layer to layer while K~ pZo T 1y
moving from the surface to the bulk of the cell. Then the const ¢

twist of the directors appears, resulting in the so-called . .
twisted structure of the subsurface layers. Approximation of the experimental dependences by (Ed).

Let us figure out the interconnection between the temperdl SMC* phase gives3=0.31[Fig. 4b)], as in the case of
ture dependences of SHG and the order parameter of tH8€ absence of the dc electric f|eI2d. The 2&1mpl|tud'e of the
SMC* —SmA* phase transition. Usually the order parametercontrast(11) depends on the rati®s"(E)/Pcoys, of field-
of this phase transition is the tilt angle, as spontaneous pdlependent and -independent contributions to the nonlinear
larization is compensated because of the helical structur@olarization. In transmission this ratio can be bigger due to
The thickness of the cells studied in this paper is smaller thaf€ larger amount of layers participating in ferroelectric
the helix pitch, besides, anisotropic interaction with the subSwitching, besides, the field-independent contribution of the
strate produces an additional orientational order of the FLPoundary layer leads to the contrast decrease in reflection
molecules, so that the cells have spontaneous polarizatidifometry. These considerations explain why the contrast of
|5Sp in SMC* phase.ﬁsp decreases in SAt phase and is a tr]le :}empe.rature dedpende;ces anq eIectrlc—fleI_d—lnducel;:i' shift
linear function of the tilt angl&)(E, T). So we can write for of the anisotropy dependences In transmission are bigger
the SHG intensity than in reflection geometry, as obtained in th_e experiment.

Temperature dependence of the contrast in the region of
R R the EC effect, afT>T,., exhibits a nonzero electric-field-
V129~ PR~ P~ 0(E,T), (7)  dependent polarization vanishing -atl0 °C above the tran-
sition temperature. This indicates the presence of external
assuming that/12°(E,T) has the same critical dependence dc-field-induced EC effect, taking place in the layers with
on temperature as the tilt angle. Then, according to Eys. electric-field- and temperature-dependent polarization.
and (7), the temperature-dependent contributig?“(E, T) Application of dc electric field to the FLC leads to a shift
in the absence of the electric field and 6T, can be Of the anisotropy dependences of the linear and nonlinear

approximated by the following expression: responses, as shown in FigaB Similar pictures are ob-
tained for the reflection geometry. As the character of anisot-

P ropy dependences is the same in the presence of the field, our
T X L ;
Z9(E=0)~ P2 — P29l 1— — (8)  suggestion of the switching mechanism based on the symme-
const 0 ! . . . ..
Te try axis rotation in the cell plane seems to be rather realistic.
The shift originates from the rotation of the molecules in the

where P2 and P2“ are proportional to isotropic and an- swit_ching layers, the resulting nonlingar polgrizgtion of the
isotropic contributions of nonlinear polarizationk, is the ~ Cell is the sum of unchanged quadratic polarization from the
temperature of the phase transition, ahds the critical ex- ~ frozen layer, and from field-dependent region with the new
ponent. Approximation of the curve is shown in Figaydoy  Position of the symmetry axes. Thus for approximating the
a solid line, withg=0.31. SHG anisotropy dependence in the presence of the electric

To compare the temperature behavior of the nonlinear pofJeId, we divide the nonlmear polarization into two parts, and
larization in the vicinity of the phase transition for reflection Ed- (4) can be rewritten as

and transmission cases, we introduce the contrast of the de- - - s 5
pendences as 15p~[IPN pp(0+d0) +(1=g)PK! pp( )17, (12)
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whereg is the effective thickness of the switching layer rela-  In conclusion, the electroclinic effect, the &h—SmA*

tive to the nonswitching one andé is a field-induced phase transition and ferroelectric switching have been stud-
change of the azimuthal angle. The valugyé$ estimated to  ied in thin planar cells of ferroelectric chiral liquid crystals
be 0.5 which indicates that the magnitude of the field-by means of electro-optic and second harmonic generation
independent contribution is comparable to the field-techniques. The analysis of the temperature dependences of
dependent one, allowing effective mutual interference in acnonlinear quadratic response in the critical region leads to
cordance with Eq.(6). Symmetry axis shiftdé between the assumption of a strong surface coupling existence, result-
opposite values of the voltage is about 52°. For electric-fieldng in the stabilization of several frozen subsurface layers
dependences of the SHG intensity, shown in Fih) 3the it the in-plane spontaneous polarization which is indepen-
independent variable is the electric field, and in E@) the dent of the electric field and the temperature. The critical

320"8”tha| anglef9 Is tfixed fb%thel arlisotfr.o%/ pﬁsition. Thendexponent is estimated to be0.3 in SnC* phase in the
ecomes a function ot the €electric TIeld, chosen, acCordy; injty of the SnC* —SmA* phase transition. Ferroelectric

ing to Eq.(3), as a saturation function: switching has been observed while studying linear and non-

dé(E)=barctafic(E—dE)], (13) linear anisotropic responses and has been explained within a
model, assuming an in-plane rotation of the symmetry and

whereb and ¢ are constants, depending on the strength ofnain optical axes of the cells in the presence of dc external

interaction between field and angle, ad& is a constant electric field.

determined by the history of ferroelectric switching, as it

exhibits characteristic dc field hysteresis. Experimental de-

pendences in Fig.(B) are taken for two anisotropy positions ACKNOWLEDGMENTS
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