
PHYSICAL REVIEW E, VOLUME 65, 031702
Structural transitions in thin free-standing films of an antiferroelectric liquid crystal exhibiting the
smectic-Ca* phase in the bulk sample
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Optical reflectivity studies have been conducted upon thin free-standing films of an antiferroelectric liquid
crystal possessing the bulk phase sequence SmCA* -SmCa* -SmA. Electrically induced field independent and
field dependent structural transformations were observed above the bulk SmCA* -SmCa* transition temperature.
The anisotropy of the reflectivity was measured for different states in thin films. Our data provide direct
evidence of structures without the short-pitched helix in the temperature region between the antiferroelectric
SmCA* and untilted SmA structures.
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I. INTRODUCTION

Up to 1989 one polar structure composed of chiral m
ecules was found in liquid crystals. In the ferroelect
smectic-C* (SmC* ) phase@1# the molecules arrange i
parallel layers in which the average orientation of the lo
molecular axes is tilted from the layer normal by an angleu.
The spatial variation of the molecular tilt direction~tilt
plane! is characterized by the azimuthal anglef. The direc-
tion of the in-layer spontaneous ferroelectric polarizationPW
is perpendicular to the tilt plane. Molecular chirality induc
a change of the azimuthal anglef from layer to layer and a
helical macrostructure is formed. The helical pitch in t
SmC* phase is so much longer than the layer spacing
the azimuthal anglef is practically the same in adjacen
layers ~synclinic ordering, Df.0). Unlike the SmC*
phase, the molecules in the SmCA* structure@2# tilt in the
opposite directions in adjacent layers~anticlinic structure,
Df.180 °). The anticlinic ordering leads to antiferroele
tricity ~AF!, because net spontaneous polarization can
out.

Since the discovery of the SmCA* and several SmC* -like
phases~subphases! @2,3#, it has become evident that multipl
structures with polar ordering of smectic layers may exis
liquid crystals. In particular, the unusual SmCa* phase@2,3#
may appear just below the untilted nonpolar SmA phase. On
the low-temperature side, it adjoins one of the seve
SmC* -like phases @3#: SmCA* @SmCA* (q5 1

2)#, SmCg*

@SmCA* (q5 1
3 )#, AF @SmCA* (q5 1

4 )#, and SmC*

@SmCA* (q50)#. It could be assumed that the structure of t
SmCa* subphase is intermediate between the structure
the fundamental SmC* , SmCA* , and SmA phases. Severa
models have been proposed for the SmCa* phase@3–5#. In
these models the SmCa* phase appears as a result of co
peting interactions, each stabilizing synclinic or anticlinic o
dering. In the first explanation, based on the one-dimensio
Ising model @3,4#, only coplanar structures were assum
with both synclinic and anticlinic orientations of the mo
ecules in adjacent layers. This assumption resulted from
1063-651X/2002/65~3!/031702~7!/$20.00 65 0317
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structure of the fundamental SmC* and SmCA* phases in
which the minima of energy correspond to the same direc
of the tilt plane of the molecules (Df50 ° or 180 °). In a
‘‘clock’’ ~X-Y ! model @5# intermediate orientations of th
molecules are allowed withDf5” 0 or Df5” 180 ° between
adjacent layers. This leads to the structure with a very sh
pitch of about several smectic layers. If the temperat
changes, bothu andf change continuously. The possibilit
of such ordering was shown in optical microscope obser
tions of thin droplets@6,7#.

Recent experiments@8–13# revealed various aspects o
macro- and micro-structures of the SmCa* phase. Near the
SmCa* -SmA transition temperatures the sign and value
circular dichroism are the same in the SmCa* and the un-
tilted SmA phases@8#. Based on these observations a co
clusion was made about macrostructure of the SmCa* phase:
the circular dichroism results not from the structural helic
pitch, as in the SmC* and SmCA* phases, but from long
wavelength fluctuation helical modes~‘‘dynamical helical
structure’’ in @8#!, as in the nonhelical SmA phase. On the
other hand, resonant x-ray diffraction gave evidence for
short-pitch helical microstructure with periodicity from fiv
to eight layers in the SmCa* phase@9,10#. These results on
the SmCa* phase were confirmed by optical reflectivity an
ellipsometry measurements@11–13# and are consistent with
the ‘‘clock’’ model @5#. Bahr et al. @14# studied the SmCa*
phase in free-standing films with the number of smectic l
ersN>8. The results on thick films were interpreted@15# on
the base of the short-pitch helicoidal structure. It should
noted, however, that to date there are no data about the
crostructure of the SmCa* phase found between the antife
roelectric SmCA* and SmA phases.

Of particular interest is the investigation of the liqu
crystalline phases in ultrathin films. It is known that the r
stricted geometry and surface ordering strongly influence
phase transitions. For the subphases it is not even c
whether they may appear in the films with thickness of a f
layers that is the order of the period of their microstructur
Theoretical calculations for thin films, derived within the di
©2002 The American Physical Society02-1
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crete phenomenological model, predict a possible existe
of the SmCa* phase even for materials exhibiting only th
SmC* (SmCA* ), and SmA phases in the bulk sample.
was predicted@16,17# that besides the SmCa* phase struc-
tures without the short-pitched helix appear in thin films b
low the transition from the SmA phase.

In this paper we report the studies of thin free-stand
films in a compound exhibiting the SmCA* , SmCa* , and
SmA phases in the bulk sample. The measurements of o
cal reflectivity of linearly polarized light enable us to obser
structural transformations and determine the optical ani
ropy of the film. A sequence of phases without any sho
pitched helix is shown to appear above the SmCA* phase in
thin free-standing films. In the electric field experiment, t
behavior of these structures depends on film thickness
differs in films with odd and even number of layers.

II. EXPERIMENT

Experiments were carried out on the free-standing films
chiral TFMHPBC@3#, whose chemical structure is given
Fig. 1. The bulk material has the following phase sequen
SmCA* -(74.3 °C)-SmCa* -(75.0 °C)-SmA. Free-standing
films were prepared in a temperature controlled oven. T
films were drawn across a 0.4-cm-diameter hole in a g
plate. In such films the smectic layers are parallel to the fi
surface. The electric field was applied to the film parallel
the smectic layers to align the structure. In our experime
we may change the direction of both the light polarizati
and the electric field within the plane of the film. The fil
thickness was determined by optical reflectivity measu
ments. The incident light was perpendicular to the film s
face~backward reflected light was observed!. For thin films,
the reflectivity is proportional to the number of layersN
squared@18#,

I'@pNd~n221!/l#2, ~1!

where d is the thickness of a smectic layer (d
'3 nm), n the refractive index, andl the free-space
wavelength. The knowledge of the exact number of layer
the film is essential for our measurements. Thus, first
prepared several thin films~more than five! of unknown
thickness and measured their optical reflectivity. The num
of layers was determined by comparing ratios among
flected intensities with ratios among different intege
squared. After determining the reflectivity for several diffe
ent film thicknesses, we were able to prepare the film w
knownN. The SmCA* structure is optically anisotropic in th
plane of the film. The larger refractive indexni is for light
polarized in the tilt plane, and the smaller onen' for a light
polarized perpendicularly to the tilt plane. In the SmCA*

FIG. 1. Molecular structure of TFMHPBC. An asterisk indicat
the chiral center.
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phase, the two reflected intensities were measured for
light polarizations parallelI i and perpendicularI' to the di-
rection of the electric field. As the refractive indexni
.n' (n' is the ordinary refractive index!, the reflected in-
tensity is larger for the light polarization parallel to the t
plane. The measurement of the reflectivity with the linea
polarized light gives information about the optical anisotro
in the plane of the film and about the orientation of the
plane with respect to the electric field.

III. EXPERIMENTAL RESULTS

First we measured the optical reflectivity in the orient
SmCA* phase. These measurements are needed not onl
the investigation of the SmCA* phase but also for studies o
the transitions at higher temperatures, as the change o
reflectivity at the transition is determined by the reorientat
of the tilt planes with respect to the field direction. Figure
shows the temperature dependence of the relative refle
intensitiesI' /I i , where I' is the reflectivity for the light
polarization perpendicular to the direction of the elect
field andI i is the reflectivity for the light polarization paral
lel to the electric field. The measurements gave two type
dependencies for the relative reflected intensities. In fil
with an odd number of layers, the reflected intensity is lar
for the light polarization perpendicular to the direction of t
electric field (I' /I i.1). In films with N even, inverse be-
havior is observed (I' /I i,1). The odd/even effect in the
intensity ~Fig. 2! is connected with nonzero transverse a
longitudinal polarizations, respectively, in odd- and eve
layer films @19,20#. According to the model of Link and co
workers@19,20# an alternation of the polarization direction i
neighboring layers leads to zero transverse polarization
N-even films; however, net surface longitudinal polarizati
PL is nonzero. Conversely, transverse net polarizationPT is
nonzero forN odd and equal to the polarization of a sing
layer P1, but, as the molecules near surfaces tilt in the sa
direction, net longitudinal polarization is zero@19#. So lon-
gitudinal polarization inN-even films leads to the orientatio
of the tilt plane parallel to the field direction (I' /I i,1, Fig.
2!. Transverse polarization inN-odd films leads to the orien

FIG. 2. Relative optical reflectivity (I' /I i) vs temperature for
thin films in the SmCA* phase.I' and I i are reflectivities for the
light polarization perpendicular and parallel to the direction of t
electric field.
2-2
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STRUCTURAL TRANSITIONS IN THIN FREE- . . . PHYSICAL REVIEW E 65 031702
tation of the tilt plane perpendicular to the electric field d
rection (I' /I i.1, Fig. 2!. An increase inI' /I i for N-odd ~a
decrease inI' /I i for N even! films ~Fig. 2! results from the
surface ordering. The higher tilt angleu at the film surfaces
than that in the interior layers leads to an increase in
reflection anisotropy in thinner films. AsPL,PT @19#, due to
the chirality, the contribution to the net longitudinal polariz
tion resulting from the rotation of the transverse polarizat
from layer to layer should be taken into account in antif
roelectric films@21#. For a six-layer film with helical pitch of
100 smectic layers (Df53.6 °) this part of the longitudina
polarization should be about 0.18P1. At the same time an
additional in-plane spontaneous polarization that is para
to the tilt plane emerges at each smectic layer boundary@22#.
The transverse polarization changes its sign from laye
layer and the parallel one does so from boundary to bou
ary. InN-even films this parallel polarization may give rise
nonzero net longitudinal polarization.

Figure 3 shows the temperature dependence of the
flected intensity for linearly polarized light at higher tem
peratures. In the bulk SmCa* temperature region no pro
nounced features in the intensity were observed in thin fil
The transitions are shifted above the bulk transition temp
ture. This shift is correlated with the phase transitions
tween smectic phases in which the surface ordering ef
leads to the increase of the transition temperature@23–25#.
The change of the reflectivity at the steps~Fig. 3! is con-
nected with the reorientation of the tilt planes with respec
the direction of the electric field. Two different behavio
were observed inN-odd andN-even films: whereas the firs
low-temperature step inN-odd films leads to the decrease

FIG. 3. Reflectivity from thin films at high temperatures. Th
light polarization is perpendicular to the electric field~50 V/cm!.
Films with N even (N.2) show one transition, while films with
N-odd show two transitions~for a three-layer film the second tran
sition could be observed at 96 °C). Temperature of the transit
~steps in the reflectivity, upward inN even and downward inN odd!
increases with decreasing the film thickness. The ramp rates ar
K/min.
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the intensity, it increases inN-even films. Another distin-
guishing feature of the transitions is the number of the ste
In theN-odd films there is a second high-temperature tran
tion with the increase of the intensity~in the N53 film, this
transition occurs above 96 °C in the high electric field, 6
V/cm!. In thin N-even films one transition was observed e
cept for the superthin two-layer film in which no abru
change was found in the temperature range of the film
bility ~up to 98 °C).

The questions arise, about the anisotropy and the rela
orientations of the tilt planes in different layers~with or with-
out the short-pitched helix! in the phases above the SmCA*
temperature range. To answer these questions, we mea
the anisotropy of the reflected intensity for these structu
~Fig. 4!. The main result is that the anisotropy exists in t
whole temperature range of the tilted structures. The smo
decrease of the anisotropy with temperature is conne
with the decrease of the tilt angle. The temperatures of
first low-temperature transitions practically do not depend
the electric field. This means that the transitions are o
determined by the intrinsic structure of the film. By contra
at higher temperatures the reflectivity and the transition te
peratures depend on the electric field.

The examples of the electric field dependence of the
flected intensity are given in Fig. 5 for a five-layer film. Tw
states were observed in the electric field@Fig. 5~a!#. The film
can be switched between these structures by changing
electric field. These states correspond different change of
intensity to the 90 ° switch of the field in the film plane@Fig.
5~b!#. The lower field state~Fig. 5, state 1! has the longitu-
dinal electric polarization (I i.I'), and the film changes into
state 2 with transverse polarization (I'.I i) at a higher field.
The change in the type of dominant net polarization is illu
trated in Fig. 6. The field at which the film structure chang
between states with transverse and longitudinal polariza
is determined by a step in the relative reflection intens
I' /I i . The stepwise transitions take place with hysteresis

s

0.3

FIG. 4. Relative optical reflectivityI' /I i in the temperature
range of the transitions. The arrows indicate transitions on hea
Solid symbols stand for data obtained at the electric field 35 V/c
Crosses show the results at low (3) and high ~1! electric field
values.N is the number of smectic layers. Points withI' /I i.1
(I' /I i,1) correspond to structures with transverse~longitudinal!
polarization.
2-3



th

a
e
lm
h
b
e

set
ale.
the

-
he

ch
if

ss.
en-

h a
azi-
inu-

At
its
he
ion
n-
l-
k
t-
xist

the
the
ec-

ure
py
he
than
in
ing

se

w-

the
er

of
e-
ith
an-

r-

e

d

dif
e
he
cm

io

r
om

e o
r-
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the electric field. The closed symbols in Fig. 6 denote
transition at increasing field; decreasingE leads to the recip-
rocal transition but at lower fields~open symbols!. There is
no universal behavior for films of different thickness. In
five-layer film the field magnitude for reorientation increas
considerably with decreasing temperature. In a six-layer fi
the reorienting field changes smoothly in the hig
temperature range and then decreases abruptly at a
78.6 °C. In the lower temperature state the field-induc

FIG. 5. Reflected intensity~solid circles! for light polarized par-
allel to the field directionI i ~a!. Two states are observed in th
electric field: state 1~low field state! and state 2~high field state!.
Transition from state 1 to state 2 on increasing the electric fiel
followed by a decrease of the reflected intensityI i ~a!. Optical
response on the 90 ° switching of the electric field orientation
fers in the two states~b!. In state 1 the tilt plane is parallel to th
field direction, in state 2 the tilt direction is perpendicular to t
electric field. Measurements were carried in electric fields 23 V/
~state 1! and 45 V/cm~state 2!. N55, T581.3 °C.

FIG. 6. Temperature dependence of the field-induced transit
from longitudinal to transverse polarization~solid symbols, increas-
ing field! and from transverse to longitudinal polarization~open
symbols, decreasing field! for five- and six-layer films. The inset fo
the N56 film shows the data at 77.5 °C on an enlarged scale fr
0 to 1 V/cm. The dotted lines indicate the transitions on chang
the temperature.PL and PT are longitudinal and transverse pola
izations, respectively.
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transition is observed at extremely small voltages. The in
of Fig. 6~b! shows the data at 77.5 °C on an enlarged sc
The step in voltage inducing reorientation may indicate
change in the film structure at 78.6 °C.

IV. DISCUSSION

Reflectivity of the linearly polarized light gives informa
tion about the azimuthal orientation of molecules in t
smectic films. According to the ‘‘clock’’ model the SmCa*
has a structure with very short helical pitch. Films with su
structure should be almost uniaxial in the plane of the film
the pitch is of the order of or less than the film thickne
Optical anisotropy may exist, but its value should be ess
tially less than that in the SmCA* phase. We consider two
possible scenarios of the transition to the structure wit
short pitch: continuous and discontinuous changes of
muthal angles. When the azimuthal angles change cont
ously, the reflectivity anisotropy should vanish (I' /I i51) as
the helical pitch becomes about twice the film thickness.
further increasingDf the anisotropy appears again but
value uI' /I i21u should be essentially less than that in t
SmCA* phase. We did not observe such continuous evolut
of the reflectivity ~Fig. 4!. The smooth decrease of the a
isotropy uI' /I i21u on heating is connected with the wel
known decrease of the angleu in tilted phases above the bul
transition @23,26#. At discontinuous transition to the shor
pitch structure the anisotropy above the transition may e
both with I' /I i.1 and I' /I i,1, but again its magnitude
should be considerably smaller than that in the SmCA* struc-
ture before the transition. The change of the anisotropy at
transition should also depend on the film thickness. In
experiment we observed only a small change of the refl
tivity anisotropyuI' /I i21u at the transition~Fig. 4!. In this
way, our data are inconsistent with the short-pitch struct
above the SmCA* phase. From the change of the anisotro
we may evaluate the lower bound of the helical pitch in t
temperature range above the transition. Its value is more
50 layers. Consequently, the directions of molecular tilt
different layers may be considered coplanar as in the Is
type model of the SmC* -like phases. Points withI' /I i
.1 (I' /I i,1) correspond to structures with transver
~longitudinal! polarization.

Figure 7 shows the temperature of the first lo
temperature transitionTN vs the film thickness. As noted
above, these temperatures do not practically depend on
value of the electric field. As in the case of layer-by-lay
@25# and thinning@27# transitions in thin smectic films, the
data in Fig. 7 can be fitted with a power law expressionN
5N0@T0 /(TN2T0)#b. The fit yields forb50.4660.04. For
the quantitative description of the thickness dependence
transitions in antiferroelectric films, the theory should be d
veloped considering the discrete structure of the films w
surface ordering. Now we only may speculate that the tr
sitions occur when at heating the tilt angleu in the interior of
the film reaches some critical valueuc(0). Thetilt angle in
the center of the filmu(0) may be represented by the ave
age tilt ua in the film @23,28#,
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u~0!5ua

dN

2j

1

sinh~dN/2j!
, ~2!

wherej is the bulk correlation length ofu. From our reflec-
tivity data it follows that the reflectivity anisotropyuI' /I i
21u is practically the same before the first transition~about
0.06!. This means that the transitions occur at about the s
average tilt angleua . On the assumption thatuc(0) are the
same at the transitions,N/j should be constant at the trans
tion temperaturesTN @Eq. ~2!#. So, at TN the correlation
lengthj andN in various films should follow the same be
havior. The correlation lengthj is usually described by a
power law function of temperaturej(T)5j0@T* /(T
2T* )#a. It is well known that fluctuation modes result i
pretransitional phenomena. The optical activity due to fl
tuations in the SmA phase of chiral compounds may be d
scribed with an exponent for the correlation lengtha of
about 0.5@29#. Consequently, the temperature dependenc
the low-temperature transitions correlates with the temp
ture behavior of the correlation length. Our consideration
simplified, but gives a qualitative agreement with expe
ment.

The average tiltu in the film is easily determined from th
optical reflectivity data. The details of the calculation of t
tilt angle for anticlinic and synclinic structures can be fou
in @30#. For these calculations we used the value of birefr
genceDn5ne2n' (ne is the extraordinary index! @31# for
molecules whose shapes are similar to those of TFMHP
Figure 8 shows the average tilt angle as a function of te
perature for 2-, 4-, and 7-layer films. The average tilt
creases with decreasing film thickness. This means that
surface ordering is essential at the transition in anticli
structure, as it is for the SmC* -SmA phase transition~syn-
clinic structure!. Large value of the tilt in theN52 film and
its smooth temperature dependence mean that the trans
to the untilted state is shifted far above the temperature of
bulk transition. Sharper decrease ofu in thicker films is
mainly determined by decreasing of the tilt angle in the
terior layers. As mentioned above, this means that on hea
transitions should start in the interior of the film.

FIG. 7. Temperatures of low-temperature transitions vs fi
thickness. The solid line is a power law functionN5N0@T0 /(T
2T0)#b. b50.46.
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Transitions should be connected with the 180 ° reorien
tion of the tilt direction in single layers and formation o
synclinic interlayer structures in the film. Some possib
structures of three-, four-, five-, and six-layer films at hi
temperature are shown in Fig. 9~a!–~d!. Common feature of
the first transition is the change of the tilt plane orientation
the electric field~Fig. 3 and 4!. In a three-layer film there is
only one structure with formation of single synclinic pa
@Fig. 9~a!#. In this structure the surface layers tilt in the o
posite directions and the film has the longitudinal polariz
tion as observed in the experiment. For a four-layer film
structure forming a synclinic pair in the interior of the film
shown in Fig. 9~a!. This structure has no longitudinal pola
ization ~the same tilt direction in the surface layers!, but
should possess transverse polarization due to the differe
in the tilt magnitude~and hence polarization! in the surface
and interior layers. The structure with transverse polarizat
was observed actually~Fig. 4!.

More complex situation is in thicker films in which suc
cessive transitions to different structures in the interior of
film may take place. In a five-layer film the heating leads
the transition to a state with longitudinal polarization. Th
state is observed at low external field over a wide tempe

FIG. 8. Temperature dependence of the tilt angleu resulting
from optical reflectivity data for two-, four-, and seven-layer film
Open and solid symbols are for structures with longitudinal a
transverse polarization, respectively.

FIG. 9. Schematic representation of the anticlinic (SmCA* )
phase and structures at higher temperatures~a,b,c,d! in films with
three, four, five, and six layers.
2-5
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P. V. DOLGANOV, YOSHIICHI SUZUKI, AND ATSUO FUKUDA PHYSICAL REVIEW E65 031702
ture range~Fig. 6!. The structures with longitudinal an
transverse polarization are shown in Fig. 9~a! and ~b!. The
field required to switch between the states with different
larization increases with decreasing temperature. This be
ior is connected with the temperature change of the lo
minima of the energy for synclinic and anticlinic order a
of the relative value of the longitudinal and transverse po
ization. In a six-layer film we observed the transition to t
state with transverse polarization. However at small hea
the state with the longitudinal polarization becomes the lo
field state. There are several structures with transverse@Fig.
9~a! and~d!# and longitudinal@Fig. 9~b! and~c!# polarization
having different number of synclinic pairs. We assume t
the sharp change of the reorientation field of more than
times at 78.6 °C@Fig. 6~b!# is connected with the transitio
between two states with longitudinal polarization with diffe
ent values of the energy minima and polarization. For th
films in the high temperature range the low-field states sh
longitudinal polarization. This behavior is similar to that
materials without the SmCa* phase in the bulk sample@20#.
In a recent paper by Chaoet al. @32# field-induced transitions
were investigated above the bulk SmC* -SmA transition
temperature. They observed synclinic state in the temp
ture interval of more than 5 K above the bulk SmC* phase.
In this temperature range no reorientations of the tilt pla
were observed. In the same temperature range above
SmCA* phase we observed transitions from the state w
transverse polarization to the state with the longitudinal
larization and conversely. At the same time at higher te
peratures the behavior of the field-induced transitions
similar to that observed in@32#, in spite of the difference in
the bulk phase sequences. According to the model propo
in Ref. @33# above the bulk SmC* -SmA transition tempera-
ture the state with longitudinal polarization results from t
interaction between the polarization fluctuations near the
surfaces. The nature of the long-range interactions above
SmCA* phase is not well understood by now.

Ellipsometry and optical reflectivity studies@11,13# gave
evidence for the short-pitched structure of the SmCa* phase
s.
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in thick films. It was suggested that two sets of anticlin
surface layers exist near the film surfaces. The SmCa* phase
in the investigated compounds emerges above the SmC* or
the SmCFI2* phases. Oscillations of both optical reflectivi
and ellipsometry data as functions of temperature obser
in @11,13# are due to the temperature variations of the sho
pitched helix. In thin films we observed transitions from t
SmCA* phase to other structures without the short-pitch
helix. In the discrete phenomenological model@5,17# the
short-pitch structure results from the competition betwe
nearest-neighbor and next-nearest-neighbor layers inte
tions. This structure may appear above the SmCA* phase
when the order parameter reaches some small value. At
several molecular layers are needed for realization of
‘‘clock’’ structure. Upon heating the tilt angles reach sma
values at first only in the center layers, and are too large n
the surfaces due to the surface ordering. Furthermore,
variation of the tilt angle results in the large polarization ne
the surfaces and the polarization-induced charges@33#. In our
opinion these prevent the formation of the short-pitch str
ture in thin films.

In summary, we report optical investigations of thin fre
standing films of a material possessing the SmCa* phase in
the bulk sample. Stepwise transitions with the change of
film orientation were observed at high temperature. The te
peratures of the transitions increase with decreasing
thickness. The measured values of optical anisotropy prov
evidence that temperature and field-induced states above
SmCA* phase possess structures without any short-pitc
helix.
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