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Optical reflectivity and Х -сау studies Ьауе Ьееn conducted оп free-standing films and bulk 
samples of ferrpelectric Iiquid crystals near the smectic-A--smectic-C* transition. А tilt plane 
rotation with respect to the direction of an applied electric field is found in the ferroelectric Шms 
аЬоуе the bulk transition temperature. Whereas the macroscopic polarization is perpendicular 
to the tilt plane at low temperature, it is parallel to the tilt plane at elevated temperature. The 
temperature dependence of the ауесаве tilt angle is measured. 

PACS: 61.ЗО.ЕЬ, 64.70.Md, 68.10.Cr 

The smectic-C* (SmC*) phase in а free-standing Шm is а subject of much interest [1-8]. 
In this phase the direction of the long molecular axis is tilted with respect to the normal to the 
smectic layers. In the ferroelectric SmC* phase, spontaneous polarization is perpendicиlar to 
the tilt plane and to the c-director (с is parallel to the tilt plane and the layer). Recently, the 
firstobservation oflongitudinal (i.e., parallel to the tilt plane) polarization has Ьееп reported in 
free suspended Шms of ап antiferroelectric smectic p~ [9] and ferroelectric phase [10,11]. 

In this paper we demonstrate an unusual behavior of the wel1-known ferroelectric 
compounds 8SI* and DOBAМBC: in SmC* free-standing Шms the polarization сап Ье paral1el 
to the tilt plane, i.e., the molecиlar tih plane is paral1el to ап electric field. The temperature 
dependence of the tilt angle is deterrnined for structures with transverse and longitudinal 
polarization. 

Our samples were the compounds (S)-4-(2' -mеthуlЬutуI) phenyI 4-(n-осtуI)biрhепуl-
4-carboxylate (8SI*) and p-decyloxybenzylidene p-aminocinnamic acid 2-methylbutyl ester 
(DOBAМBC). In the bulk sample of 8SI* the fol1owing phase sequence was observed: 
SmI* -(66° C)-SmС* _(82° C)-SmA-( iЗ4° C)-Ch-(140°C)-I. ЬОВАМВС' showed transition 
temperatures Sml* -(7ЗОС)-SmС* ~90.5°С)-SmA-(115°С)-I. 

Thick freely suspended Шms were prepared Ьу drawing the liquid crystal in the smectic state 
over а 6-mm hole in а glass plate. Thin Шms were prepared Ьу layer-by-Iayer thinning [12-14]. 
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Fig. 1. Optical reflection intensity for thin (N = 2) and thick (N = 20) ferroelectric films in 
an electric field appJied parallel (Е11 ) and perpendicular (E.L) to the direction of pc51arization of 
the Jight (л = 600 nm). For thick Шm (N = 20), the change in reflection intensity when the 
direction ofthe electric field is changed is ditтerent at low (Т = 82°C~and high (Т = 840 С) 

temperatures (8SI*) 

In а free-standing Шm the smectic layers are aligned parallel to the Шm surface. An electric 
field of 3 to 20 V /ст in the plane of the Шт was used to align tЦe tilt direction in the SmC* 
state. The incident Ьеат was linearly polarized and was perpendicular tothe Шm surface. 
An electric field could ье applied in two mutually perpendicular directions (parallel (EII) and 
perpendicиlar (E1.) to the plane ofpolarization ofthe light). For tblck Шms, the layer number 
N was determined from the spectral dependence ofthe optical reflection in the SmA phase [15] 

. 1 

1(),,) = (n2 - 1)2 sin2(2nnN d/ )..) 
4n2 + (n2 - 1)2 sin2(2nnN d/)..) 

(1) 

were d is the interlayer spacing. In the SmA phase, n = ПО (по is the ordinary index of 
refraction). For thin Шrns, the number of layers was determined from the relative intensity of 
reflections for Шrns with а different number of layers: 

(2) 

In the SmC* phase, two values of the optical reflection (1р and 10) have Ьееп measured 
(for the plane ofpolarization ofthe light oriented parallel (1р) and perpendicular (10) to the tilt 
plane). For oиr calculations of the average tilt angle () we used the value of the birefringence 
in the SmA phase measured Ьу Musevic et al. [16]. Х -ray diffraction studies оп bulk samples 
were made using а curved linear position-sensitive multidetector ().. = 1.5406 А). 

. Figure 1 shows optical reflection intensities (111' 11.) from 2- and 20-1ayer Шms: the electric 
. field was applied parallel (EII) and perpendicular (E1.) to the direction ofpolarization of the 
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Fig.2. Reflection spectra at the temperatu~ below (а) and аЬоуе (Ь) the bulk transition temperature. 
Тhe relative 10catioIi. of the reflectivity minima л for Е.!.. - and EII-field directions dШеrs for 
temperatures below and аЬоуе the bulk transition (DOBAМBC). In the figure, the intensities are 

shown with respect to the intensities in the шinimа of the curves 

light. As а previously observed [1,2], the SmC*-SmA transition temperature is а function of 
filт thickness (Т ~ 1120С for N = 2; Т:::::: 970С for N = 20). For two-layer filт the observed 
сЬangе in intensity, when the direction ofthe electric field is switched (EII +-+ EJJ, corresponds 
quantitatively to our conventional view of the SmC* phase: the fепоеlесtriс polarization is 
perpendicиlar to the tilt plane. Since the refractive index Пр (polarization ofthe light is para1lel 
to the tilt plane) is greater than По, the larger value ofthe reflection intensity (Fig. 1, N = 2, 
Т = 81 о С and Т = 1060 С) сопеspопds to the direction perpendicиlar to the field (see Eqs. (1) 
and (2». At low temperatures, all filmз show the saше change in the reflected intensities (Fig. 1, 
N = 20, Т = 820 С). Quantitatively different behavior is observed for thick SmC* filmз at ЬЩh 
temperature (Fig. 1, N = 20, Т = 840 С). ТЬе reflection intensity [1. is less than [". This 
means that the tilt plane and c-director are oriented in the E-field direction. 

Figure 2 provides additional evidence for anomalous field-induced orientation ofthe c-di
rector. Thе wavelength Лm ofthe reflectivity miniтuт for thick filmз depends оп the index of 
refraction: the largervalue of Лm correspondsto the largervalue ofn (Лm = 2Nnd; see Eq. (1». 
At the temperatures below Т; :::::: 91 ос (Fig. 20, DOBAМBC), the wavelength of reflectivity 
miniтuт Лm for the field Е 1. is greater than Лm for EII (c-director oriented perpendicиlar to the 
Е -field). At Ti :::::: 91 ОС, the reflection spectra belonging to Е1. - and EII-field ехсЬаngе position . 
(Fig. 2Ь). This interchange of the spectra indicates that at temperatures аЬоуе Ti :::::: 91 ос the 
c-director is para1lel to the field. 

We observed anomalous orientation in fепоеlесtriс filmз with thickness between 12 and 
some hundreds oflayers. For N > 40-1ayer filmз, Ti was nearly the saше as the bulk transition 
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Fig.3. Temperature dependence ofthe optical reflection intensities Е1./ Ен for films with 2, 5, and 20 

smectic layers (л = 600 nm). Апоws show the behavior of the intensity for а thick film (N = 20) 

in the temperature range of hysteresis (оп heating and cooling), 881* 

Fig. 4. Orientation of molecules in а smectic Шт: SmC* phase (а), S-like orientation of the 

director near the bulk 8тС· -SmA transition temperature (Ь), S - and С -like orientation well above the 

bulk transition temperature (с), 8тА phase (d) 

temperature (SmC*-SmA). In thinner Шms, Ti was shifted to higher temperatures, but could 

not ье precisely determined Ьесаше of temperature hysteresis. Figure 3 shows the temperature 

dependence of the relative optical reflection intensities 11. /111 for Шms 2, 5, and 20 smectic 

layers tblck. An anomalous orientation (c-director is para1lel to the field) corresponds to 

1 J. /111 < 1. Тhe arrows show the behavior of the relative intensities 1 J. /111 in the temperature 

range for hysteresis (оп heating and cooling). At temperatures above 900 С, the anomalous 

orientation is observed in а very weak electric field « 1 О V / сm) without а transition between 

the two orientations. ТЬе temperature range of hysteresis сап Ье reduced Ьу turning ап electric 

field оп and off. At ЬЩh enough fields, по perfectly oriented Шm is observed because of 

convection instability [16]. Тhis precludes determining the E-field threshold of reorientation 

in the temperature range for hysteresis. 

Our results сап ье interpretedwith the aid of Fig. 4. Here we indicate the smectic layers 

in the SmC* phase (а), SmA phase (d), and the layer structure above the bulk transition 

temperature (Ь, с; Те > Ть). ТЬе possibility of spatial variation of the tilt anglе across the Шm 

tblckness (Figs. 4Ь, с) is related to the surface ordering of the smectic layers [1-8]. At ЬЩh 

temperatures (Fig. 4с), оnlу some surface layers are tilted. When а free-standing Шm is cooled, 

all layers Ьесоmе tilted (Fig. 4Ь) because of the diverging correlation length ~ of the SmC* 

ordering. 
Тhe variation of the tilt angle across the Шm must play ап important role for the analyses 

. of the origin of the spontaneous polarization above the bu1k transition temperature [10,11]. 

ТЬе change in molecular tilt аnglе implies S -shaped bending of the liquid crystal director n 

(Fig. 4Ь). ТЬт should lead to macroscopic flexoelectric polarization. Тhe polarization density 

in а nematic liquid crystal is given Ьу [17] 

Р! = el(ndivn) + ез[(rоtп)п], 

where е\ and ез are theflexoelectric constants. 
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Fig. 5. Tempemture dependence of the 
average tilt for the film thickness 2, 5, and 
20 smectic layers. Thе filled-square symbols 
are Х -ту data for bulk samples (8SI*) 

In smectic liquid crystals, other kinds of deformations <;ап cause flexoelectric polarization. 
However, for our estimate we use Eq. (3). For а bend deformation, the second term is 
dominant. Using ез = 10-11 С/т [17] and а variation ofthe tilt angle from the surface layer 
to the center ofthe Шт fl() ~ 0.3 rad, we obtain from Eq. (3) that Р! = 10-4 С/т2 (N = 20). 
Our estimate shows that above the bulk transition temperature, the flexoelectric polarization 
in the tilt plane Р! and the bulk feuoelectric polarization in the SmC* phase РО [18] are of 
the same order of magnitude. 

With increasing temperature, two effects take place: first, РО decreases and Р! can Ье 
greater than Ро ; second, the tilt angle at the center ofthe Шт becomes zero (or smaIl). The 
top and bottom parts of the Шт, from the point of view ofthe molecular tiIt, are not (or 
weakly) coupled to each other and can ье oriented independently. When Р! > Ро, а C-shaped 
orientation (Fig. 4с) is favored in an electric field. Reversal ofthe molecиlar tilt at the bottom of 
the Шт results in reversaI ofthe feuoelectric (РО ) and flexoelectric (Р!) polarization (рщ. 4с). 
For Р! ~ РО the net polarization is paralleI to the c-director, and, а S +-+ С transition Ieads 
to а 90°Creorientation of the tilt planes with respect to the direction of the E-field. 

OpticaI reflectivity is а convenient veblcle for determining of the average molecular tiIt 
() [11]. The value 1р/10 depends оп the reflection Пр index in the tiIt plane (Eqs. (1), (2» and 
оп the layer spacing in the SmC* phase dc (Eq. (1». Considering the molecules to Ье rigid 
rods, dc сап Ье taken as 

dc = dA cos(), (4) 

where dA is the layer spacing in the SmA phase. Near the temperature of the bиlk phase 
transition, dA was determined to Ье 3.0 nт (Х -ray data, 8SI*, 83°С). Using results derived 
for uniaxia1 crysta1s [15], as in the case of ellipsometric studies [3], the relation between () and 
Пр is taken to Ье 

(5) 

When по, nе , and dA are knоwn, 1р / 10 alone is sufficient to deteunine the average tilt 
angle (). It should Ье underscored that 1р/10 = 1J./111 for the usua1 orientation and 1р/10 = 
= 111/1J. for anoma1ous orientation. Equations (1), (4), and (5) (or (2) and (5) for thin Шms) 
епаЫе оnе to determine (). The va1ues of the average tilt angle () resulting from the 1 J. /111 va1ues 
(рщ. 3) are shown in рщ. 5. Figure 5 a1s0 shows the temperature dependence of () obtained 
from our Х -ray measurements оп а bиlk sample. At Iow temperatures, the data for 20-layer 
film are in good agreement with measurements of the bиlk sample. For the 20-Iayer Шт the 
change in the orientation of molecules is observed at an average angle of () ~ 5'?С. It is clear 
that the tilt angle is quite sma1I at the center of the Шт. Оп the other hand, comparing the 
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data for Шms with 2 and 5 smectic layers (Fig. 5), it is obvious that the tilt аnglе is nonzero 
at the center of the 5-layer Шт at al1 temperatures. тhis is the reason why we do not obserVe 
anoma1ous orientation in thin Шms. 

In an electric field, Galeme and Liebert [19] observed the orientation ofSmO ft1rns floating 
оп the free surface of droplets in the isotropic phase. Un1ike the SmC*, the SmO phase has а 
herringbone arrangement of molecu1es. In this case, the weak dipole moment results from the 
reduced polarizability of the a1iphatic tips of the f11'St-lауеr molecu1es in contact with air [19]. 
In SmC* Шrns the polarization Р! could originate from the flexoelectricity. 

Adapting the conclusions of Ref. [1] about the SmC* order to our model we сап distinguish 
«low» and «Шgh» temperatures. At «low» temperatures the tilt anglе is nonzero throughout the 
Шт (dN «: Ц, net polarization perpendicular to the tilt рlапе). At «high» temperatures the 
tilt anglе is zero at the center of the Шт (net polarization parallel to the c-director). The 
crossover temperature Т* is defmed Ьу Ц(Т*) '" dN. We сап speculate that Ti is defmed Ьу 
T*(Ti '" Т*). 

In summary, we report an observation of ап anoma1ous orientation of fепоеlесtriс ft1rns 
of 8SI* and DOBAМBC in ап electric field. Above the bulk transition temperature the net 
fепоеlесtriс polarization in thick filrns is paral1el to с and the tilt рlапе. The applied field 
orients the tilt рlапе paral1el to the electric field. А novel method for determining the tilt angle 
in fепоеlесtriс ft1rns is described. 

This work was supported in part Ьу а grant from the Russian Foundation for Basic 
Research (98-02-16639), the Science and Technology program «Statistica1 Physics», and the 
French Nationa1 Education Мinistry (Laboratoire de Dynamique et Structures des Materiaux 
Molecu1aires, URS, CNRS N2 801). 
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