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There is no fundamental reason that nonchiral liquid crystals should not be ferroelectric. In this paper
nonchiral flexoelectric effect@articularly leading to the specific orientation phenomena for smectic films in
electric field$ are investigated in freely suspended films. Optical reflectivity measurements are presented for
the region near the smecit* —smecticA and smectics—smecticA phase transitions. Temperature depen-
dences of the tilt angle are determined for two kinds of smectic structures where polarization is either perpen-
dicular or parallel to the tilt pland S1063-651X%99)03104-9

PACS numbg(s): 61.30.Eb, 64.70.Md, 68.10.Cr, 77.84.Nh

I. INTRODUCTION dissimilar parts of moleculegas well as steric ongsn a
general case are expected to discourage ferroelectricity.
A variety of molecules form liquid crystalline phasege, Moreover, in liquid crystals the polar interactions are usually
e.g., the Ref[1]). Many mesogen molecules have symme-rather small. Coulomb interaction results only in a weak ten-
tries consistent with the formation of ferroelectric phases andiency toward polar order, depending, however, on the pair
nonzero dipole moments. Ferroelectric ordering is, howeverdistribution function. Nevertheless this tendency can lead to
extremely rare in positionally disordered liquids or liquid a ferroelectric order in systems with at least partially freezing
crystals, and, since the discovery of ferroelectric liquid crys-molecular motions, as is the case in sme€fcphases.
tals [2], it has been assumed usually that ferroelectricity is Note that there is no unambiguous correspondence be-
possible only in a chiral smectic* phase (Si8*) that has tween the chirality of molecules and the existence of the
a polar symmetry groug®,. In this case the polarization can macroscopic ferroelectric properties or structures they
be written asP=P[nXz], wheren is the directoff3] andz  formed. Attempts at observation of ferroelectricity in non-
is the smectic layer normal. The necessary conditions for thehiral liquid crystals are, as a rule, centered around synthesis
existence of nonzero polarization are a finite tilt angte ( and investigations of nonconventional liquid crystalline
#0) and a molecular dipole perpendicular to the long axis oftructureg4]. Recently{5,6], we observed an anomalous ori-
molecules. In racemic mixtures, which contain both enanti-entation of conventional smectic structures in electric fields
omers (that is, molecules that are mirror images of each(for example, in the S@* free standing film the tilt plane of
othep in equal amounts, the electric polarization vanishesthe molecules is oriented parallel to an electric fielthe
Obviously, the electric polarization is directly connectedpresent paper is devoted to investigations of this “unusual”
with molecular chirality in the Si@* ferroelectric liquid orientation, and to nonchiral origin of the polarization in the
crystals. SnC* and SnC structures. These phenomena are demon-
Orientational order in both tilted smectic phageamely, strated to be typical of the smectic liquid crystalline films.
SmC* and Sn€C) can be characterized by the two- We have determined the order parametéhsangles for the
component order parametér= 6 exp(¢) or by so-calledc  different types of films(polarization is either perpendicular
director (projection of the directon onto the layer plane or parallel to the molecular tilt plane
[3]. In the SnC* phase, molecular chirality induces a  Note that free standing smectic films are interesting in
twisted structure with a certain pitch. When going along thetheir own right, but in addition are a new thermodynamical
z coordinate the directan (as well as the directop and the  state of matter(like liquids or solid3. Free standing films
polarization P rotate. Therefore, strictly speaking, the exist only for smectic phases having some tendency to con-
smecticC* phases can be considered as ferroelectric only irstruct layer structures. The large effects of surface ordering
two dimensions because the direction of the polarization varwere observed above the bulk 8A8MA transition tempera-
ies helically in the direction orthogonal to the smectic layersture T, [7-13. The SnC ordering appears in fims at a
A spiral structure of such type is typical for chiral systems. temperature about 20 °C aboWg [7,8]. The thinnest free
Intuitively it is clear why ferroelectricity is a rather rare standing films have just two smectic monolayers. But even
and specific phenomenon in liquid crystals in spite of the factwo monolayers experience certain internal forces fixing both
that their molecules almost always possess nonzero dipol@onolayers close to each other. Without such forces, free
moments. Typically the free energy is larger when dissimilarstanding films do not exiges in the case of isotropic liquids
chemical partge.g., hydrophobic and hydrophiliof mol-  or nematic phas¢sThere is also another demonstration of
ecules are in contact. Thus interactions between chemicallihis statement. For thin films there is a definite temperature
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stability region for each thickness, or in others words, there Thus for any finite system having boundarigsd par-
are definite thinning transitions temperatufgd\) [14,15. ticularly for free standing filmsone can introduce at least
Upon increasing the temperature the film undergoes layethree types of specific local characteristics of the system;
thinning transitions before it finally ruptures at a certain tem-among these the most convenient are susceptibilities: the
perature which is usually 2030 °C higher than the bulk bulk susceptibilityy, which is a response function with re-
smectic-isotropic liquid or smectic-nematic phase transitiorspect to the bulk fieldH (i.e., external action, conjugate to
temperatures. the bulk order parametef), the local surface susceptibility
The organization of our paper is as follows. In Sec. Il wey; which is a response function of surface ordering with
formulate our model and introdud@n the framework of the respect to the same bulk field, and the local surface suscep-
Landau theorythe basic thermodynamics necessary for outtibility x;, which is a response function with respect to the
discussions. In this section we present expressions for thiecal surface fieldH;. In addition, we should distinguish
spatially dependent order parameter profiles in the vicinity othese local properties from the surface contribution, which is
so-called ordinary, extraordinary, and surface phase transin fact a nonlocal property, describing, roughly speaking, the
tions in free standing smectic films. Section Il contains ourdifference between the energy of a given system and the
experimental results including optical-reflectivity measure-energy for the same system but without surfaces. Thus there
ments in chiral and nonchiral free standing films, which al-is a fourth susceptibility. It is necessary to keep all these
lowed us to find the reorientation temperature, its depensusceptibilities in mind when considering a theoretical de-
dences on the film thicknesses, and an average tilt dhgle  scription of experimental data.
the order parameterSection 1V is devoted to a discussion  In order to escape a conflict between experiment and
and summary of our main results. theory, we suggest that generalized figtlandH (they are
not necessary magnetic or electric fields; e.g., the most rel-
evant local action on the surfaces of free standing films is an
anchoring fielgdddo not depend on coordinates in the plane of
The SnC structure is distorted in the SBf phase with a @ film, andH, is coupled only to the module of the order
spatial variation of the order parameter. In any layer the orparameteré. In this case the theory is reduced to the well
der parameter is equal in magnitufté (tilt angle ), but ~ known Landau theory for a scalar order paramédtes).
slightly different in directionangle¢). The order parameter However due to its importance for the present contexid
is a two-component vector, and, as we mentioned above, tHer conveniencewe mainly repeat known results but apply
SmC* phase has a polar axi@nd therefore may have a these to our concrete caghe smecticA—smecticE transi-
ferroelectric polarization perpendicular to the tilt plane. tion in free standing filmss This is just the case where it is
However, there is also the following principal possibility to €asy and more useful to derive these results for the concrete
prepare ferroelectric structures: the orientationcois the ~ System under consideration than to try to find the suitable
same in neighboring layers, while the magnitude of the ordefeferences, and to modify all expressions to apply them to
parametetc| (angle ) is continuously varied from layer to the case. _ _ -
layer. This is a nonchiral ferroelectric smectic structure. The L€t us first consider an ordinary phase transition. For
polarizationP should appear in the tilt plane. The structure > Tc (et us remember that this is the most relevant case for
of such type can be realized in freely suspended smectigur Systemsone can obtain the following profile of the order

Il. THEORETICAL MODEL

films. parametef7]:
In fact, since the bend af removes thec-z mirror sym-
metry plane, it produces a local chiral symmetry breaking. B costix—(L/2&,)]
This breaking of chiral symmetry can occur on two distinct 0(X)=0p= (o= 01) coshL/2&,) @

length scalegmicroscopic or macroscopicThe distinction

between microscopic and macroscopic chiral Symme”XNherexzzlgb,gb is the bulk correlation lengthg, is the
brea_kmg is similar to the distinction be_;tween spontaneous, |k value of the order parameter, and

and induced order parameters. As we will see below, we deal

with an induced order.

There are two effects related to the existence of the sur- 1:()‘/513) 6 tanh(L/2&p) +H(A/C)
face in free standing films. The first is a pure geometrical one 1+ (N &p)tanh(L/2&,)
(finite size effects The surfaces break the translational and
rotational invariancegbecause any specific surface breaksHere \ is a constant having the dimension of length; it is
the translational invariance, and the normal to the surface isalled the extrapolation lengtl, is the Landau coefficient at
a specific direction which breaks the rotational invariance the gradient term(“elastic modulus”), andH, is a local
In addition, certainly, there are physical modifications of thesurface field.
system due to the existence of the surféaaface effects The expression given below assumes that the sm@ctic-
The surface can suppress the bulk ordefings case is tra- order parametefi.e., smecticA density modulationis a
ditionally called the ordinary phase transitjoithe surface constant through the film thickness. This is not always the
can enhance the bulk orderirithis is called the extraordi- case for free standing smectic films, where the smefktic-
nary phase transitionor as a third possibility the surface can order parametefas well as smecti€ one (i.e., the tilt
experience an intrinsic critical behavior. There is also a soangle] varies spatially. In this case, instead of Etj) one
called special phase transition which is intermediate betweecan derive a rather bulky expression, having the form of a
ordinary and extraordinary transitions. certain convolution of two functions of the tygé&). How-
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ever, the qualitative behavior in both cases is not much difA is the surface area of the sample. The second divergence
ferent, and we will not discuss the phenomenon further.  appears atT. with the mean-field Curie lawyo(T

For T=T.,H=0H,#0 (in fact it requires§,>L) we  —T )~1v, whereV is the volume of the sample.
have a nonexponential behavior. For smal and nearz Thus there are two mechanisms of sme@ierdering in
=0,6 changes linearly with distance from the surface: free standing films above the bulk smedfie-smecticA
transition temperature. That is, for the ordinary phase transi-
O(X)= 6, — E(gb_ 0,). tion ()\>Q) the only mec_hanism inducing_ord_eri_ng is con-
A nected with the surface field, (most plausibly it is an an-

choring field, and the order parameter profile is determined
by Eg.(1). For the extraordinary phase transition<(0) the
surface phase transition takes place at the temperaiyre
found above Eq(6). For A<0 both surface and bulk fluc-
fliations contribute equally to thermodynanie.g., ferro-
electrig properties, and therefore these properties appear as
_ _ng(Z)dZ_ , _E £,(8,—H,(\/C)) a :Z(ran;ggtﬁié\évo independent parts which diverge at different
LJo ® L coth(L/2&y) + (M &) In both cases the spatial variation of the order parameter
. , allows for free standing films, the bending deformations of
including both bulk andhe girector strongly being suppressed in the bulk smectic

phases. In turn these deformations can create a polarization
. 2 P; due to the well known flexoelectric effeft7,1,3

Note that extrapolating this behavior to negativene finds
0(z)=0 atz=—\. Due to this fact the constantis called
the extrapolation length.

Let us define now an average order parameter over th
thickness of the film,

It has a rather evident structure,
surface contributions

L Ps=e,(ndivn)+es(rotn) xn. 7

where It involves two coefficients with the dimensions of an elec-
L tric potential. Rough estimations of these coefficients, based

gsz%f d7 6,— 6(z)], (4) on '_[he calculation of the frac_tion of the molecules which
0 achieve the ordering of their dipoles to ensure the maximum

o - packing density, give
and from Eq.(4) one can obtain in the limi§,>L,

fp— (H,N/C ~ K
0= (0 )= 2 fﬂ(k,lgb) 25 (5) o

Nl/3
T

. e where g is the molecular dipole momerK, is elastic Frank
For extraordinary phase transitiofi., if A <0) the surface constant, andN is the number of molecules per unit volume.

enhances the ordering, and therefore on the surface one can. . -
. ) . So in our geometry the polarization vectey should be

expect the onset of ordering befafiee., at higher tempera- :

. ) A arallel to the tilt plane, and the absolute value of the polar-
tureg it occurs in the bulk. Thus in this case one can expecP L

" Ization is given as

a surface transition for temperaturég,>T.. But of course
at T., due to the onset of the bulk order, the surface will 90
experience some critical behavior as well. In the regime of |Pf|=e—,
T.<T<T,s the bulk correlation lengtf§, is finite, and the Jz

order decays exponentially quickly from its maximum value

0, at the surface toward zero in the bulk. One can find thé[’;’]here the ftmctlorﬁ(z) an 'tt)t('a foun;jl froml E?('.l)' Almtqng b
transition temperature for the surface layeee, e.g., Ref. € symmelry groups admitling a TIexoeleclric relation be-

[16]): tween the deformation and the polarization in the plane of
the ferroelectric axis, let us mention groups and D,q
Tes C which are the plausible symmetry groups for free standing
T—C—lz T—C)CZ. (6)  films of smecticC phases.

In Sec. Il we will see that the consequences of this sim-

In this case the profile of the order parameter can pdlest model are consistent with our experimental data. In

found again from Eq(1) but 6, is not zero now even at order to say more, we require a further knowledge of a num-

H,=0. At T, (or as we mentioned above &=L ) the order ber of parameters entering the Landau theory. Unfortunately
" C

parameter profile decays algebraically, fropat the surface  USING Only our data we are not able to extract values of all
to zero in the bulk. necessary parameters. Therefore, we will not quantitatively

— compare our data with this theory, since with too many un-
I the_respongeof the_tota! order parameter ofa known parameters the theory tends to become an exercise in
sample to a uniform external field is gften expenmentallycuwe fitting. Note, however, that there is a qualitative agree-
more accessible than eithgg or x; ;. If x is measured ina ment. For example, more likely, the smedBcerdering in
sample withA <0, two divergences should appear as thethe free standing films under consideration is induced by
temperature is lowered. The first will appearTat with ¥y  surface phase transitioriso we are dealing with extraordi-
«(T—T.) A&, (in the mean-field approximatiprwhere  nary phase transitions at,) and the transition temperature
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T.s. according to Eq(6), is inversely proportional to.2. For films with N>40, the orientation of the tilt plane was
Thus we have the following tendency: the greater the differ-determined from a comparison of the optical spectra for two
ence between the bulk and the surface transition points, theolarizations [, andl;). The wavelength of the reflectivity
less\ is, and one can expect the specific configuration of theninimum depends on the refraction index (=2nNd/k,k

film (which we will call the C configuration which was =1,2,3...). Since the refraction inder, (parallel to the
really observed in our experimen{see also Sec. lll and tilt plane) is larger tham, (perpendicular to the tilt plang
discussions in Sec. IV, where we will see that dipole-dipolethe larger value oh , corresponds to the light polarization

interactions also favor th€ configuration of the film which is parallel to the tilt plane. For thick films we also
measured the optical reflectivity at the wavelength near the
. EXPERIMENTAL RESULTS reflectivity minimumA\ ,,. In this case the sensitivity of the

optical measurements could be essentially improja@l.

In this section we report results of optical-reflectivity For thin films the reflected intensity is proportional approxi-
measurements in linearly polarized light on freely suspendegyately to (12— 1)

films of chiral and nonchiral liquid crystal compounds near

SMA-SnC transitions. This method enables us to determine [(N)=N?72d?(n2—1)%/\2. 9)
directly the orientation of the optical axis in the films and the

temperature behavior of the tilt angle. Our samples were chiHence the larger value of the reflected intensity corresponds
ral liquid crystalline compounch-noniloxybenzylidena¥-  to the light polarization parallel to the tilt plane.
amino-2-methylbutylcinnamattNOBAMBC) and nonchiral The average til¥ is more easily determined for the films
p-decyloxybenzoic acigh-n-hexyphenyl este(DOBHOP).  with reflectivity minima (N>40) and for thin films. Consid-
Bulk samples had the following phase transition temperaering the molecules as rigid rods, the layer spaciggn the
tures: 91°C(SmC-SmA, NOBAMBC) and 78°C(SmC- SmC phase may be taken as

SmA, DOBHOP. Some measurements were made on a mix-

ture of DOBHOP and nonchiral S liquid crystal dc=dacosd, (10
NO,-hexyloxyphenyl ester of hexylhydroxybenzoic acid
(C2). X-ray diffraction measurements of the layer spacing
and tilt angle of the molecules in the &h and Sn€C phases

of the bulk samples were made using a curved linear positio
sensitive multidetectotA=1.5406 A. Thick free standing
films for optical measurements were prepared by drawing th
liquid crystal in the SrA phase across 4- or 6 mm holes in r
a glass plate. Thin films were obtained by layer-by-layer _

thinning transitions above bulk SRl or SMA-N phase tran- C0S0=Nmc/Ama: (1)
sition temperature§l4,15. The incident light was linearly where\ ¢ and \,, are the wavelengths of the reflectivity

polarized. Optical reflection was measured in the “back-minima for the tilted and untilted smectic phases, respec-
ward” geometry. The thickness of the film was determlnedtive|y_

from the intensities and spectral dependence of the optical Eq, thin films the ratid , /I, depends only on the refrac-

whered, is the layer spacing in the Sinphase. The refrac-
tive index in the direction perpendicular to the tilt plane does
ot depend on the tilt angleordinary refraction index,).
hus, for ordinary waves),, is proportional tod. Within
Hwese approximations, the tilt angle can be found from the
atio

reflection in the SrA phas€g/18,19, tion coefficientsn, andn,. Whenn, is known, n, can be
) 5 . determined from the valuel,/1,. Then, using the results
I(\) = (n?—1)2sinf(27nNd/A) ®) derived for uniaxial crystal$18,21] (i.e., neglecting rather

4n?+(n?>—1)?sirP(2mnNd/\) ' weak biaxiality of Sn€ phasey 6 can be found from

whered is the interplanar distance,is the refraction index,

andN is the number of smectic layers. cos 9=
An electric field was applied in order to fix the polariza-

tion directionP in the Sn€ phases. Our setup allows one to For the determination of) in films with an intermediate

change the direction of the electric field in the plane of thethickness(8—40 layers we used Eqs(8), (10), and(12) and
film. Becqusg of th_e couplmg beme&and t_he tilt plane, the measured, /1) values. For calculation ot averaged
the electric field aligns the direction of the tilt plane. For aver the thickness of the film. in the case of NOBAMBC. we
uniformly oriented Sr& film with an in-plane anisotropy of used the values ofi. and n ,for DOBAMBC [22] Whosé

the refractive index, the reflection spectra with the light PO-olecules are similgr to thg molecules of NOBAMBC. The
larization plane oriented parallel {) and orthogonall(,) to value of the layer spacing in the Snphased, was taken
the tilt plane can be measured. In our experiments the eleg: )~ o x-ray measurements. Using the Atechniques and

tric ﬁeld was applied .paraIIeIE(”.) ar_1d perpendicu[a@) to methods described above we have investigated the following
the direction of the light polarizatiofcorresponding reflec- systems.

tion intensities are denoted by andl, , respectively. Two
types of measurements were performed. In thin films we de-
termined the temperature dependence of the relative optical
reflection intensitiesl(, /1;). In thick films we measured the

wavelengths of the reflectivity minima for the reflective  Orientation of the films can clearly be observed for thick
spectral ; andl. films with minima in the reflection spectra. Figure 1 shows

n5(n3—nj) ,
2,2 2\ " (1 )
np(ne— ng)

|A. Chiral liquid crystal with the ferroelectric Sm C* phase
in a bulk sample
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) FIG. 3. Temperatures; , where the change of the orientation of
FIG. 1. An example of reflection spectra at a temperature aboVeerroelectric smecti€* films takes place for different film thick-

(a) and below(b) the bulk transition temperature. The relative po- nesses. The uncertainty of the temperatdlies in the figurg is
sitions of the reflectivity minima foE, andE are different for  gye to reorientation hysteresNOBAMBC).

temperatures abov@) and below(b) the bulk transition tempera-
ture (NOBAMBC). (heating of the sample The tilt plane of the molecules
changes its orientation abruptly. The cooling run also shows
the reflection spectra of the 50-layer film near the reflectivitythe step in the intensity curve, but at a lower temperature
minima for two directions of the electric field. At low tem- than for the heating one.
peratures for thee, field A, is larger than corresponding For thick films (N>11) two temperature regions with dif-
minimum for theE field (tilt plane is perpendicular to the ferentP orientations with respect to the tilt plane are ob-
electric field. This is exactly what is expected for the 8/  served. At low temperature§ € T,) electric fields orient the
type structure. The relative position of the minima at highSmC* films analogously to the bulk samples: the tilt plane is
temperatures is different from that at low temperatures, imperpendicular to the electric field. At high temperaturés (
plying a reorientation of the tilt plane by 90° upon heating. >T,) the unusual orientation is observed: the tilt plane is
Figures Za) and Zc) shows the behavior of the reflected parallel to the electric fieldT; decreases with an increase of
intensity for the 25-layer film neaf; when the electric field, the film thickness. The temperatures where the reorientation
stabilizing thec-director orientation, changes by 90°. Below of the films occurs are shown in Fig. 3. The lines in the
T; the reflected intensity, is larger than | that means that figure indicate the temperature ranges of the thermal hyster-
the c director is perpendicular to the electric fidlasual ori-  esis. For thin films we observed that the tilt plane was always
entation. Above T; the intensityl, is smaller than|, i.e.,  perpendicular to the electric fielthe ferroelectric polariza-
the c director is parallel to the electric fieldinusual orien- tion P is perpendicular to the tilt plapneThe temperature
tation). Figure Zb) shows the temperature range néar dependences of for films without reflectivity minima were
calculated using our optical daté, (/1)), as described in this

section. Figure 4 shows the values @for the three-, five-,
T,<T; T; T,>T; and 19-layer films.
300 - i i i .

l Figure 5 shows the temperature dependence of the mea-
™ sured\ ,, values for the 50-layer film in electric fields applied
S 208} - 30 : . .

g “eca,
© 251 4a A, °% o b
~ IN
2296 - | o 20xe AAAOO ]
= X% =
2 (deg) | % N5 & NP
()] 15 Y ° E
= E. E. x A °
T 2041 E, Eu E, E, E, E, A4 10k M . N=19 a o ]
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FIG. 2. Optical reflection intensityN(=630 nm) for smectic- 0 . . 'om " o
C* films in the electric fields applied parall€E() and perpendicu- 80 90 100 110 120

lar (E,) to the light polarization direction frori;=93.9 °C(a) to
T,=94.6°C (c). (b) shows the temperature range frof
=03.9°C to T=94.3°C (heating of the sample Around T; FIG. 4. Temperature dependence of the average tilt for film
=94.1°C an abrupt change of the orientation is observedhicknesses of three, five, 19, and 50 smectic layers, and for the
(NOBAMBC, N=25). bulk sample x), NOBAMBC.

Temperature (°C)
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FIG. 5. Temperature dependence of the reflectivity minimym Ey Ey
in the electric field applied paralleE(;, open circlesand perpen-
dicular (E,, closed circles to the light polarization direction . . 1
(NOBAMBC). The straight line was drawn according to the data 70 ———t o2 ' '
for temperatures above the surface transition temperakjfe @p- 78.1 ) o 83
right triangles,E, inverted triangles Temperature (°C)

FIG. 6. Optical reflection intensity for DOBHOP nedr;
parallel and perpendicular to the direction of the light polar-=78.2 °C(heating of the sampléy=70). The measurements were
ization. One can see the increasengfin the SnA phase of made at a wavelength near the reflectivity minimum=(\,
the film (T>105°C), followed by the decrease at low tem- —20 nm).
peratures in the chiral SBF phase. A splitting in\,, ap-
pears at the surface phase transition into theCSnphase.
V\(heq the temperature.de.crea.ses, the d|ﬁerer?§,g for two the value of molecular dipoles, we investigated the mixture
d|rgct|ons of-the electric f!eld increases, sh(_)wmgCS*rmr- of DOBHOP with a C2 compound possessing a relatively
dering. The increase ofy, in the SmA phase is related par- |arge dipole moment perpendicular to the long molecular

tially to the temperature dependence of the layer spacing thayis. At high temperatures the tilt plane is oriented parallel to
was observed in our x-ray measurements on the bulk samplg: (Fig. 7). Below the reorientation temperatur®;), thick

The wavelengths\,, in the SnA phase were fitted with a aligned films may be obtained in the whole temperature
linear law and extrapolated into the tilted smectic phdsg. range of the SI8 phase.

5). The resulting\ ,» was usedsee Eq.(11)] for the deter- At high and low temperatures we did not observe any
mination of § in SmC* phase for the 50-layer film. For these orientation of the two-layer film in weak electric fields. This
calculations ,c were taken for the direction of the ordinary means that the possible mechanisms of the smeéxtitm
refraction index, that is)\,,c for the E, field at T>T,; and orientation in weak electric fields have to be applied for thick
Amc for the E; field at T<T;(T; is denoted by the vertical films.
line in Fig. 5. The values ofé for the 50-layer film are

shown in Fig. 4. Figure 4 also shows the temperature depen: ! a b
dence of@ taken from our x-ray measurements on the bulk L
sample. BelowT ., the magnitudes of in thick films and in ) T T T<T:
the bulk sample are in good agreement.

DOBHOP molecules have a small dipole moment. To
study the dependence of the orientation of theCSfitms on

231

B. Nonchiral SmC liquid crystals B
1

In the high temperature range of the Snphase, thick 25[ |, E,
films of nonchiral Srt liquid crystals are oriented by weak
electric fields. The orientation of the tilt plane is the same as o3l
for ferroelectric Se* films: the applied electric field orients .
n so that the tilt plane an& are parallel. In thick nonchiral - N=62

SmC (as well as in ferroelectric S@1) films we observed

an abrupt change in the ilt plane Orien,tation n-é@",’ Figure . FIG. 7. Optical reflection intensities for the 8nliquid crystal

6 demonstrates the change of the optical reflection intensityogHop with the smectic compound C22%) at T=76.4°C(a)
near the reorientation temperature of the film. Tt T; the  and T=75.5°C (0). (b) The solid curve shows the temperature
tilt plane is oriented perpendicular to the direction of therange from T=75.9-T=75.7°C (cooling of the sample The
electric field. In Sn€ films of DOBHOP, such a behavior is change in the orientation of the film is observemlid line, E)).
observed belowT; in a narrow temperature rangéAT  The dotted line is the change of the intensity for g field. A
<1°QC). =Np—20 nm andN=62.

Intensity (arb. units)
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a b c observations, and remembering the theory presented above,

; ; several temperature regions may be distinguistied. 8):
; 7 //Pfi 7 ,/\pZ I/\P;\I/ (a) low temperatures, below the bulk transition_tgmperature;
/ / / ™~ | | | | (b) a temperature range _above the t_)ulk transition _tempera-
/ 5 I or, | i | Fo | | ® Po ture, where Si@ ordering is essential in the whole thickness

: c | - of the free standing film; an¢c) high temperatures, where
/ | /s | s | | SmC ordering at the center of the film is negligibly small.
/ | / Q / | P I I er We start our discussion with the high temperature range.
/s 7 I I V- \ In the framework of the Landau theory, the tilt is given by
NS/ LS/ NN expressiong1), and (6) presented in Sec. Il. At high tem-

S configuration S, C. C- configurations peratures the tilt anglé decays with the distance from the

surface, and becomes very smalkarly zerg for distances
FIG. 8. Orientation of the molecules in thick €nfilms below  larger than the bulk correlation lengtht the center of the
(@) and above(b) and (c) the bulk transition temperatur& and  film if its thickness is larger than this correlation lengths
C-like configurations are shown for a thick fillR, is the ferroelec-  a result the orientations of tteedirector in the layers of the
tric polarization.P; is the flexoelectric polarization. top part of the film are not coupled to the orientations of the
c director for the layers of the bottom part. In this case, with
respect to the S@ ordering, two parts of the film may be
Due to surface, tensiofsuppressing bending fluctuations consi(_:iered independently of one anqthgr. Let us estimate the
and specific interactions on the surface, the molecules tilt ahagnitude of the flexoelectric polarizatidi). The depen-
a temperature about 20 °C above the bulk transition temperlence ofé on the coordinates even in the framework of the
ture [7,8]. One can most plausibly say that in free standingk@ndau theory may be quite sophisticateete the expres-
smectic films we have extraordinary phase transitions inSions given in Sec. Il and Refl6,25,26). However in any
the presence of a surface fietty, and therefore the expres- €ase the integrated polarization density of the film depends
sions given in Sec. Il for this case can be applied. Unfortu/mainly on the difference between the surface tilt angle
nately, we can find no guidance from experimental or theolsee Eq.(5)] or 6, [see Eq.(2)], and the tilt angle in the
retical sources for choosing all phenomenologicalcenter of the film§, which can be estimated from E)
coefficients that appear in these expressions. Thus the piputting x=L/2¢, and 6,=0. From the data for the bulk
mary function of this section must be to give a qualitativeSmecticA—smecticE transition, one can obtaiff., &,
interpretation of our results, and to demonstrate the possibignd C, and from T and Eq.(6) we can extrach. The
ity of ferroelectric ordering in basically nonchiral systems, asrésults allow us to negled, and to estimateds=0.2 rad.
opposed to proving exactly its existence. Using the natural estimation for flexoelectric coefficieats
As we have already said, the inhomogeneous sméxtic- =10"** C/m [3,21], we obtainP;=3x10"> C/n? for N
ordering taking place in free standing films is responsible for="50. This polarizatiorP; does not depend on chirality, and
ferroelectric properties. This inhomogeneous ordering physihas to appear both in Stnand SnC* films. However,
cally means that over a large region of thicknesses of fre&mC* films have a spontaneous ferroelectric polarization
standing films, the films can be considered as some effectivig,. Let us compare the magnitudes ef and P;. For the
interfaces. It is typical for liquid crystal®3] that the width  50-layer film the average tilt angl¢is less than 7 {Fig. 4).
of the interface of experimental mesogenes is 40—100 timesor such small angles the ferroelectric polarizafiyris less
the length of molecules. We observed an example of how ththan 1x 105 C/n? for substances of the NOBAMBC type
presence of an interface may induce a type of ordering in thE22]. Our estimations show that the nonchiflaénd-induceyl
inhomogeneous regioffor free standing films it may be the polarizationP; exceeds the chiral-induced polarizatifg.
whole thickness of the systgnthat does not occur in the One can say that the angle between the orientations of near-
bulk phases. Analogous phenomena are also known faoest molecules due to the bending deformation is larger than
Langmuir monolayers where chiral symmetry can be spontathat due to the chirgltwist) deformation(the helical pitchp,
neously brokerf24], and this leads to a chiral phase com-in the SnC* phase is larger than Jum). Moreover, one
posed of nonchiral molecules. In fact, for a thick free stand-may speculate that it is always the case that P, when, at
ing film the top and bottom layers are each equivalent ta high temperature range) the effective surface correla-
Langmuir monolayers. tion lengthé; is less than the helical pitgh, . So the behav-
Let us proceed further to describe theoretically the resultior of SmC and SnC* films in electric fields at high tem-
presented abovéSec. Ill) concerning the behavior of S.n  peratures are determined mainly by the bend-induced
and SnC* films in electric fields. Our interpretation of these polarizationP; .
results is based on the configurations shown in Fig. 8. Here In principle one can imagine configurations of two types
we indicate the layer structures of the films beléay and  depicted schematically in Fig.(®. In the Slike configura-
above[(b) and (c)] the bulk transition temperature. Every- tion the orientation oP; is different at the top and bottom of
where over the S@ temperature range of the film the tilt is the film. Therefore, an electric field inevitably leads to a
a function of the distance from the surface. The symmetry otertain elastic deformation of the structure. This deformation
the structure allows the existence of a polarizattoparallel  in smecticC phasegunlike nematic phasgdave a thresh-
to the tilt plane. The distinctive features of the structure andild, i.e., to observe the orientation, the electrostatic energy
polarization properties of the free standing film depend esfthe interaction of the dipole polarization with the external
sentially on the temperature. According to the experimentaglectric field should be larger than the elastic deformation

IV. DISCUSSION
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energy. Comparing both energies one can estimate th&mC films in electric fields is not the same for different

threshold field substances. Thick films of DOBHOP and C2 mixture are
oriented by a weak electric fielthbout 3 V/cm), whereas
2EEJL‘9_9 (13 DOBHOP is not orientedSec. Ilj. However, in this tem-

th™ e L)y dz perature range the usual orientation for DOBHOP can be

achieved in much larger ac fields. The magnitude of the ac

whereK ande are the characteristic values of the elastic andelectric field used for the orientation depends on the tempera-
flexoelectric coefficients respectively, add/dz is deter- ture and increases as the temperature decrétdzesmpli-
mined from the order parameter profiles found in Sec. Il. It istude of the ac field (X107 Hz) is about 60 V/cm af,
clear that the threshold fieldnd the electric field orientation —T=5 °C]. Let us emphasize that when using an ac field
of free standing smecti€- films) depends essentially on the the orientation of SIB* films can also be observed in optical
material parameters and temperature. reflection experiments. Qualitatively it corresponds to the es-

In the C-like configurationP;’s are oriented in the same timation of Ey, by Eq. (13), since as the temperature de-
direction. Since two parts of the film can be oriented indecrease«/e (andEy,) should increase. In addition, we should
pendently, theC-like configurations are favored in the elec- bear in mind that al <T. we may not use a linear approxi-
tric field. The tilt arrangement of th€ configuration is an- mation leading to the order parameter profiles presented in
ticlinic, i.e., the top and bottom of the film are tilted in Sec. Il. Taking into account the fourth order term in the
opposite directions. Note also recent ellipsometric studiefandau expansion, one can find, instead of @g.the more
[27] where new phases of liquid crystals have been investicomplicated implicit expression
gated. Among these are antiferroelectric §mnstructures
where the tilt direction alternates when going from layer to z 0 1 0\%2\2 xoH/ 6 -1z
layer. It is a microscopic analog of our macroscopically an- 'f_b:f do| ;11— g_b g_b_ 1 - (19
ticlinic C configuration. However it is not possible to distin-

guish between the both types of anticlinic structures, si_nce R his profile (as well as the profiles presented in Sec. Il for
Ref.[27] only an average tilt was measured. The direction ofr~ 1 y eads to a flexoelectric polarization according to Eq.
the polarizatiorPy relative ton depends on the sign of the (7) owever, its dependences on the material parameters
flexoelectric constantéC or C configuration[Fig. 8C)]).  angd temperature are more rich and sophisticated. The orien-

For the ideal smectiG* structure only the second term in 440 of the ST films at low temperatures can also be
Eq. (7) makes a contribution to the flexoelectric polarlzatlon.exp|ained by the following mechanisms.

The sign of this contribution is the same as the sige.ofor (1) Surface(for instance flexoelectricpolarization may
the right-handed spiral, and is opposite to it for the left-gj| he retained at low temperatures in Snfilms. This po-
handed one. o . larization has to lead to the deformation of the structure of
In any case the net polarlzatld?vf is parallel to the tilt  he film in electric fields(a twisting of the top and bottom
plane(andc directop. Thick SnC* and SnC films are ori-  yats of the films in different directionsAs a result, the net
ented at high temperatures by relatively weak electric f'eld?)olarization is directed perpendicularly to the tilt plane. A
(see Sec. l). The direction of the tilt plane for both phases is geformation of such type may exist also in St phases
parallel to the electric fieldan “unusual” orientation for  _5ve the bulk transition temperature whey is rather
SmMC* phaseg It is clear from these data that we are dea““G_sma||_ Note also that the spatial variation of the polarization

with orientation phenomena of the same kind. So the experig,ay result in a space charge and polarization contribution to
mental behavior of films at high temperatufésy. 8c)]isin 1o elastic constanf@8].

agreement with our model. However further structure studies (2) Domains(striped texturg[29—31 can appear on the

are needed to prove the proposedike structure. surfaces of the films. The orientation of the films may de-
Consider now the behavior of films at intermediate tem-yenq on the structure of these domains. The physical mecha-
peraturegFig. 8(b)]. In this region of parameters we observe pism which is responsible for these domain structures is re-
the “usual” (with respect to the bulk SB samplesorien-  |ateq to the dipolar interactions. In addition, polarization can
tation: the tilt plane is perpendicular to the direction of themodify the order parameter profiléound in Sec. I} due to

electric field. Such behavior can be attributed to the fact tha&ipolar interactions. One should add the interaction of the
in this temperature region the €hordering is not small at  4rder parameter with the so-called depolarization field:
the center of the film, and therefore a rather strong interlayer

interaction stabilizes th&like configuration. The character-

istic temperatureT;), where the change of the film orienta- - EEd' P:(2),
tion takes place, depends on the number of lay€ig 3). In

thin films (of thickness less than the bulk correlation length
there is a finite tilt at the center of the film, which can be
estimated from Eq(1) for x=L/§,, and in this case the
unusual orientation cannot be realized in the wholeCSm
stability region.

In the SnC* phase at low temperaturdg <T., Fig.
8(a)], the usual orientation of the films is observed in electric 1L
fields (Sec. Ill). The mechanism of the orientation is the Ey(z)=—A4me co§<p(Pf(z)——f Pf(z)dz>,
same as for the bulk samples. However the behavior of the LJo

4

0, O

whereE, is the depolarization field. For a thin film of thick-
nessL and otherwise infinite linear dimensions, this field is
nonzero only if the direction of th®; is not parallel to the
film. Introducing the anglep between the normal vector at
the film surface andP;, one can find
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where ¢ is the corresponding component of the dielectricment the main orientation mechanism for Srfilms at low
susceptibility. While previouslyin Sec. I) the order param-  temperaturefFig. 8a)] is not yet clear. Further experimental
eter profile was governed by interplay of the extrapolationgng theoretical investigations have to be performed.

length\ and the correlation lengtf, which diverges af ¢, The conclusion we draw is that a nonchiral Srstructure
it is now a lengthA ~* which takes over the role afy displaying flexoelectric properties may exist in free standing
4me co2 o) 12 films. The most distinctive feature of this structure is that the
A= §gz+ _ . tilt plane is parallel to the direction of the electric field. A

c nonchiral mechanism responsible for the flexoelectricity of

It is very important that this length ~* remains finite aff, smectics is the surface ordering, leading to spatial variation

and it leads to the following modification of the profile of the Of the tilt angle. Let us stress out that in free standing films

order parametefd). In the case without depolarization field, the correlation length is relevant not only for the specific

the order parameter in the center of the filiz=L/2) dif-  thermodynamic features of the phase transition, but also for

fers from 6, by exponentially small contribution only the polarization, macroscopic structure, and orientation of

[xexp(~L/2&,)]. In the case with dipolar interaction, taking the film in electric fields(for example, we have seen that if

into account the order parameté(z=L/2) is depressed by és<Pc, one hasP>P,, and for {<L/2 the “unusual”

a correction of the order 1/ orientation is observgedWe suggest that further experimen-
Note that in the presence of a depolarization field a negatal work on free standing smectic films over a wider range of

tive sign of the extrapolation length is not sufficient to ensurdfilm thickness can reveal these interesting features.

the order at the surface for temperatures exceeflingThe Let us also again point out that the physical mechanisms

surface ordering occurs only|ik ~%| exceeds a critical value Providing the polarization properties of nonchiral and chiral
free standing films are very different. For nonchiral systems

the polar order is in fact induced by the steric packing of
4\ 12 anisotropic(but nonchiral molecules, whereas in ordinary
) &, (chiral) ferroelectric liquid crystalline phases the polar order
is a consequence of the molecular chirality.

C

A, t=—cose

and the critical temperature at the surfac¢lig]
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