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The temperature dependences of the ellipsometric parameters in a weak dc external field are studied in thin
and thick free-standing films of MHPOBC. The results for thin films consisting of two, three, and four layers
are analyzed within the discrete phenomenological model. We find very good quantitative agreement between
the theory and experiment, which indicates an odd-even effect. We find that the XY structures are stable for an
odd number of layers, whereas planar, Ising-like structures are stable for an even number of layers. The
experiments on thick �several tens of layers� films show a combination of bulklike and free-surface behavior.
This is most pronounced at high temperatures, where the interior of the film is not tilted, whereas the layers at
the air interfaces show qualitatively similar temperature dependance of the ellipsometric parameters as in the
four-layer film.
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I. INTRODUCTION

Since the discovery of ferroelectricity and antiferroelec-
tricity in smectic phases, chiral and polar smectic liquid
crystals �1–4� have attracted considerable attention. One of
the very intriguing aspects related to the smectic and polar
nature of these materials is an extraordinary rich variety
of phases that have been observed in the antiferroelectric
liquid-crystalline materials. Today, we know that these
phases can be understood and classified using the concept of
a unit cell, which was first used to understand light scattering
on phase fluctuations in antiferroelectric liquid crystals �5�.
On this basis, the unit cell of the ferroelectric phase consists
of a single, tilted, and polar smectic layers. The unit cell of
the antiferroelectric phase consists of two tilted smectic lay-
ers with opposite directions of the molecular tilt and antipar-
allel spontaneous polarization of each layer. The two “inter-
mediate” phases, sometimes called the “ferrielectric” phases,
have unit cells of three and four tilted and polar smectic
layers, respectively. And, finally, the smectic-C�

* phase is an
incommensurate phase, where, strictly speaking, there is no
unit cell.

The existence of such a rich variety of phases is very
challenging from the theoretical point of view. There have
been several theoretical studies in this direction, starting with
Sun et al. �6�, who first introduced the “discrete phenomeno-
logical model.” Within this model, individual smectic layers
are considered independent thermodynamic systems, under-
going their own phase transitions. Then, a coupling is intro-
duced between the smectic layers, that substantially influ-
ences phase behavior and phase stability of a system of N
smectic layers. The discrete phenomenological model was
further analyzed by Čepič et al. �7� and Roy et al. �8�. The
symmetry properties of possible structures were analyzed by
Lorman et al. �9�. The most elaborated, “distorted clock”
model of Čepič and Žekš can describe well the phase stabil-
ity, as well as phase transitions in intermediate phases of
antiferroelectric liquid crystals �10�.

It is then natural to consider that free-standing smectic
films of antiferroelectric liquid crystals are promising candi-
dates to study the validity of different proposed theoretical
models. These films are almost perfect two-dimensional sys-
tems, being an excellent experimental system for probing the
physics of different phenomenological models. The films can
be made free of any defects, the number of smectic layers
can be varied and determined with great precision, and the
structure of the films can be determined with great accuracy
using x rays and optical ellipsometry. This is the main reason
why free-standing smectic films have been extensively stud-
ied in the past �11�. The main interest in those studies was
the effect of reduced dimensionality on phase transitions and
phase stability, surface wetting, and surface-enhanced order
�12�, whereas there have been only two systematic analysis
of the agreement between the theory and experiment �13,14�.
Recently, we have reported a combined theoretical and ex-
perimental analysis of phase stability and phase transitions
in free-standing films, consisting of two, three, and
four layers of an antiferroelectric liquid crystal 4-�1-methyl-
heptyloxycarbonyl-phenyl�4� - octylbiphenyl-4-carboxylate
�MHPOBC� �15�. We have applied a clock model to describe
quantitatively the measured temperature dependences of the
ellipsometric parameters, and we have found a good quanti-
tative agreement. Moreover, we have determined for the first
time the set of phenomenological parameters that are neces-
sary for the calculations within discrete model of Čepič and
Žekš.

Whereas very thin films consisting of only several smectic
layers are perfect candidates for testing the basic premises of
the phenomenological models, the question is to what extent
can we extrapolate the physical properties from thin to thick
films for which we expect properties characteristic of a bulk.

In order to clarify the dilemma about the similarities and
differences between thick and thin free-standing smectic
films, we present in this paper an extension of our previous
studies �15� of phase stability and phase transitions to thick
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free-standing films of an antiferroelectric liquid crystal MH-
POBC. We first present a detailed quantitative analysis of
thin films consisting of two, three, and four smectic layers.
Whereas we could not find any phase transition in a two-
layer film in a rather large temperature interval, we observe a
single phase transition in a three-layer film and a rich phase
sequence in a four-layer film. We apply the clock model to
describe quantitatively the measured temperature depen-
dence of the ellipsometric parameters. We reproduce not only
the phase structures, phase transition temperatures, and phase
sequences in films of different thickness, but also find good
quantitative agreement of measured ellipsometric parameters
using a minimum set of adjustable thermodynamic param-
eters. Surprisingly, the data could be fit only by considering
an even-odd effect: whereas films with an even number of
layers are planar �Ising like�, films with an odd number of
layers seem to be twisted �XY like�. This is consistent with
recent predictions of Rovšek et al. �16� and strongly supports
the distorted clock model.

In thick films, we observe a phase sequence that is typical
for bulk MHPOBC. But in addition to that we observe some
characteristic details of the ellipsometric parameter that are
characteristic of thin films and free surfaces. This is pro-
nounced in the high-temperature region, which never appears
in the form of a nonpolar Sm-A phase. We observe qualita-
tively similar behavior as in a four-layer film, suggesting the
existence of a thin surface layer that is decoupled from the
bulk and behaves independently of the film thickness.

II. EXPERIMENT

The experiments were performed in the antiferroelectric
liquid crystal 4-�1-methyl-heptyloxycarbonyl-phenyl�
4�-octylbiphenyl-4-carboxylate �MHPOBC; see the chemical
structure in Fig. 1� with the following bulk phase sequence:
Isotropic �145 °C� Sm-A* �120.7 °C� Sm-C�

* �119.3 °C�
Sm-C* �118.4 °C� Sm-C�

* �116.7 °C� Sm-CA
* �65 °C�

Sm-IA
* �32 °C� crystal. The liquid crystal was spread across a

3-mm circular opening etched in a 150-�m glass slide. Two
parallel metal electrodes separated by 3.5 mm were depos-
ited on each side of the opening to apply an electric field
along the layers of the freely suspended smectic film. The
film holder was put in a closed chamber with several win-
dows for optical access that was temperature controlled to
±0.02 K.

After spreading, the film was heated close to the isotropic
phase and let to homogenize until it was uniformly colored.
The lateral structure and homogeneity of the film were
checked by observing it in a reflected white light using a
video camera. After homogenization, the thickness of the
film and its refractive indices were determined using three

independent optical methods �17�: �i� reflection of a HeuNe
laser light, �ii� spectral analysis of the reflected white light
using a fiber coupled spectrophotometer, and �iii� ellipsom-
etry. Further on, a procedure similar to Ref. �18� is applied
on a large number of smectic films to determine the refrac-
tive indices and the thickness of a single smectic layer of
MHPOBC by independently fitting data obtained by three
methods. The best overall agreement was obtained for
ne= �1.73±0.01� and no= �1.47±0.01�, and the thickness of a
single MHPOBC Sm-A layer is �3.5±0.5�nm, which is in
good agreement with x-ray data �19�.

In our transmission ellipsometry measurements, a
632-nm laser light was incident on a free-standing film at an
angle of 45°. A photoelastic modulator �PEM� based ellip-
someter �3� was used to measure the ellipsometric parameter
� with the resolution of ±0.01°.

The ellipsometric parameter � measures the phase differ-
ence between the p̂ �parallel to the plane of incidence� and ŝ
�perpendicular to the plane of incidence� components of the
transmitted light �20�. In ellipsometry, the second ellipsomet-
ric parameter � is also measured, which is equal to the arct-
angent of the ratio of p and s polarizations of the transmitted
�or reflected� light. It therefore represents the ellipticity of
the detected light. In our experimental arrangement, which is
dedicated to the precise and fast measurement of �, the sen-
sitivity to � is rather low—i.e., of the order of 0.1°—and
was therefore not used in the interpretation of our data.

It is straightforward to see that � carries information
about the thickness of the sample, as the phase difference
between the p and s polarization should increase with in-
creasing thickness of the free-standing film. However, it
turns out that the situation is slightly more complicated in
thin films. Namely, in addition to the directly transmitted
beam, also the multiply reflected beams, originating from the
direct beam and subsequent reflections, have to be consid-
ered as well. As the length of propagation and the relative
orientation of the dielectric tensor is different for each beam
and the polarization state can also be changed upon reflec-
tion, the ellipsometric parameter � does not simply increase
linearly with increasing thickness �see Fig. 2�. Instead, � can
be considered as a combination of a linearly increasing func-
tion of thickness and an oscillatory part that appears due to
the multiple reflections of the incident beam. Note that due to
this oscillatory part, the sign of � can change at very small
thicknesses of the free-standing film. For example, in Fig. 2,
the change of sign of � is observable around N=25 for a
simple, nontilted Sm-A structure.

In a typical experimental run, the sample was cooled in a
temperature interval of 30–40 K at a rate of 0.4 K/min,
starting from the Sm-A* phase and ending in the antiferro-
electric phase at low temperatures. No influence of the cool-
ing rate on the structures and phase transitions was observed.
In the experiments, a weak dc electric field �4 V/cm� was
applied in the plane of the smectic layers and perpendicular
to the plane of incidence of the laser light �see Fig. 3�a��. In
this way, the energetically invariant rotation of the sample
around the normal to the smectic layers was removed
through the coupling of the electric polarization of the
sample with the applied electric field. In each experiment,
the temperature dependence of the ellipsometric parameter �

FIG. 1. The chemical structure of the antiferroelectric liquid
crystal MHPOBC.
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was first measured for one direction of the applied field �let
us say �+�, and immediately after that the measurement of �
was repeated at the reverse direction of the applied electric
field �let us say �−�. In this way, a set of two different ellip-
sometric parameters ��+ and �−�, which correspond to two
different spatial orientations of the smectic film structure,

was obtained as a function of temperature for each
film thickness. The experiments were repeated on several
samples over extended period of time, giving essentially
identical results.

Some of the observed structures could straightforwardly
be identified due to their characteristic response to the
change of the direction of the external electric field. For ex-
ample, there are two typical structures that are very often
observed in free-standing films: the synclinic S structure and
the anticlinic C structure �22�, which have quite a specific
electro-optic response.

In the synclinic structure, there is a large average compo-
nent of the transverse spontaneous polarization P0, since the
tilt direction is the same in all layers �Fig. 3�b�, left�. The
components of the longitudinal PL and flexoelectric P f polar-
ization cancel out due to the even symmetry of the central
layer in a synclinic structure. In an external dc electric field,
the synclinic structure will orient in such a manner that the
plane of the average molecular tilt is perpendicular to the
direction of the external electric field. Reversing the direc-
tion of the field reverses the direction of the average
molecular tilt.

The situation is opposite in the anticlinic structure �Fig.
3�b�, right�. Due to the odd symmetry of the anticlinic free-
standing film, the components of the longitudinal PL and
flexoelectric P f polarization are nonzero and the component
of the transverse spontaneous polarization P0 cancels out,
because the tilt directions in the two halves are opposite �Fig.
3�b�, right�. In an external dc electric field, the anticlinic
structure will orient in such a manner that the plane of the
molecular tilt coincides with the direction of the electric
field. Reversing the direction of the field will reverse the
overall conformation of the anticlinic structure. In general, a
given stable structure in the tilted and polar smectic free-
standing film is neither of pure anticlinic nor synclinic type.
The spatial orientation of such a structure will depend on the
relative magnitudes of the spontaneous transverse polariza-
tion and the components of the longitudinal and flexoelectric
polarization.

The measured temperature dependences of �+ and �− in a
two-layer film of MHPOBC are shown in Fig. 4�a�. The
magnitude of the two ellipsometric parameters �± suggests
that the molecules are tilted, and a weak temperature depen-
dence of the ellipsometric parameters suggests a weak tem-
perature dependence of a nearly saturated tilt angle. We can
see that both ellipsometric parameters are nearly identical in
the temperature range of more than 20 K, suggesting that the
two-layer MHPOBC film has no component of the spontane-
ous polarization PS in a direction perpendicular to the plane
of the molecular tilt. Based on these observations we con-
clude that the structure which is stable in a two-layer film is
an anticlinic, C structure �22�. Here, the molecules in succes-
sive layers are tilted in opposite directions and the transverse
electric dipole moments cancel out. Quite probably the struc-
ture has some longitudinal polarization �in the plane of the
tilt�, which unfortunately cannot be resolved in the geometry
used.

In a three-layer MHPOBC film �Fig. 4�b�� we already
observe one structural transition. In the high-temperature
phase the two ellipsometric parameters �+ and �− are nearly

FIG. 2. The ellipsometric parameter � as a function of the num-
ber of smectic layers forming a free-standing smectic film in the
Sm-A phase, calculated via the 4�4 matrix method by Yeh �21�.
The refractive indices are no=1.47 and ne=1.73, and the thickness
of each smectic layer is 3.5 nm. The arrow indicates the point
where � changes sign.

FIG. 3. �a� Experimental geometry and the definition of the two
ellipsometric parameters �+ and �− �shown here for a two-layer
film�. Depending on the polarity of the orienting field E, the “aver-
age” molecular tilt is either towards ��−� or away from ��+� the
laser beam. �b� Schematic drawings of the tilt profiles of the syn-
clinic S structure �left� and anticlinic C structure �right�. In the S
structure, the tilt direction is the same in all layers, and conse-
quently P0�0 and PL+P f =0. On the contrary, in the C structure,
the tilt directions in the two halves of the film are opposite, thus
P0=0 and PL+P f �0.
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equal; however, they are different and nearly temperature
independent below the phase transition. Following similar
reasoning as for the two-layer film, we conclude that the
high-temperature phase is an anticlinic C phase with
opposite—i.e., the anticlinic—surface tilt and no transverse
spontaneous polarization. At this point of observation we
cannot be sure about the structure in the low-temperature
phase of the three-layer film, as there are several options that
have to be analyzed quantitatively. The experiment, however,
clearly shows the existence of an overall molecular tilt that is
coupled to the transverse polarization in this phase. This sce-
nario, for example, is possible in either synclinic phase or in
a three-layer antiferroelectric phase, where the electric polar-
ization of smectic layers is not compensated.

The phase diagram becomes reacher with increasing num-
ber of smectic layers. In a four-layer film �Fig. 4�c�� we
observe four different phases. In the high-temperature phase
the two ellipsometric parameters are nearly identical, which
suggest that this phase is a tilted C phase with anticlinic
surface layers and no transverse electric polarization. Below
the C phase we measure a very large difference ��+−�−�,
clearly indicating a net molecular tilt that is coupled to a net
transverse polarization. This temperature region corresponds
to a synclinic S phase. At the temperature of �121 °C, the S
phase undergoes a phase transition into a region with non-
monotonous behavior of the two ellipsometric parameters,
similar to those in Ref. �23�. We observe that the difference
��+−�−� in this phase decreases; however, the structure re-
tains some finite value of a net molecular tilt that is coupled
to a net transverse polarization. Unfortunately, the experi-
ment itself does not give us enough information to directly

determine the structure in this phase. We observe a first-order
transition into a low-temperature phase at T�114 °C.
The new phase is the antiferroelectric phase with no trans-
verse polarization and zero difference between �+ and �−,
which confirms the theoretically predicted odd-even effect
�16�. We should note that understanding the phase diagram
of a four-layer film is very important, because it hides the
key to our understanding of structures and phase transitions
in thin and thick films, as we are going to see in the follow-
ing paragraphs.

Let us now have a quick look at the results for thick
free-standing films, in which the volume interactions
start overcoming the surface interactions, thus bringing the
film into the limit of a bulk. The limit of thick films is
characterized by the appearance of the phase sequence that is
observed in bulk MHPOBC. We estimate that free-standing
films can be considered as thick for the number of smectic
layers, N�20. This is illustrated in Figs. 5�a�–5�d� for the
number of smectic layers N=21, 44, 69, and N=285,
respectively.

The onset of the characteristic phase sequence
Sm-A*–Sm-C�

* –Sm-C*–Sm-C�
* –Sm-CA

* can be recognized
already at N=21 and this phase sequence is present with
minor changes up to the bulk. However, no matter what the
thickness of the film is, it is clearly seen that at temperatures
above the Sm-C�

* phase, the film retains some very charac-
teristic details that we have already seen in the four-layer
film. It is then natural to consider that above the bulk
Sm-A*–Sm-C�

* transition temperature there is a combination
of the nontilted, nonpolar Sm A-like core and tilted surface

FIG. 4. Measured temperature dependence of the two
ellipsometric parameters �+ ��� in �− ��� in �a� N=2 layer film,
�b� N=3 layer film, and �c� N=4 layer film. The two ellipsometric
parameters are defined in the text to Fig. 3. We observe an increased
richness of the phase sequence with increasing number of smectic
layers.

FIG. 5. The evolution of the phases towards the bulklike phase
sequence, as the number of smectic layers is increased from �a�
N=21, �b� N=44, �c� N=69, and �d� N=285. The two ellipsometric
parameters are defined in the text to Fig. 3. Note the change of the
sign of the ellipsometric parameter between N=21 and N=44,
which is due to the crossover of the sign, as indicated by the arrow
in Fig. 2.
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layers that behave very similarly to the four-layer free-
standing film �see Figs. 4�c� and 6�b��. We therefore analyze
in more details the high-temperature region of thick films in
order to compare their properties to the thin four-layer film.

Figure 6 shows a comparison of the ellipsometric param-
eters �± for a 4-layer �a� and 47-layer �b� free-standing film
of MHPOBC in the temperature region above the bulk phase
transition into the tilted Sm-C�

* phase. One can immediately
observe a striking quantitative similarity, which leads to the
following conclusion: above the phase transition into the
Sm-C�

* phase, thick free-standing films of MHPOBC can be
considered as a combination of the interior layers, which are
of the Sm-A type—i.e., nontilted and nonpolar—and the out-
ermost layers that are tilted in the same manner as in a
4-layer film. The quantitative agreement of the ellipsometric
parameters of 4- and 47-layer film suggests that the range of
the surface interactions is of the order of two layers in MH-
POBC. In thick films and above TC

bulk, the two surface layers
therefore undergo the following phase transitions: planar
C→planar S→planar AAF phase. In our experimental ge-
ometry, nearly identical ellipsometric parameters �± in the C
phase above TCS�128 °C suggest that there is no compo-
nent of the spontaneous polarization PS in the system. The
synclinic—i.e., S—phase below TCS�128 °C is character-
ized by a constant difference between the two parameters
��+−�−��0.3°, which appears to have the same value as in
a 4-layer film �see Fig. 6�a��. In a temperature region �4 °C

above the bulk transition temperature TC
bulk we observe a non-

monotonous decrease of the difference between �±, suggest-
ing that the S phase undergoes a phase transition into a simi-
lar phase, as observed in a 4-layer film, shown in Fig. 6�a�.

As can be seen from Fig. 7, thick films undergo a phase
transition into the Sm-C�

* phase at TC
bulk. The Sm-C�

* phase is
characterized by specific oscillations �see details in Fig. 7� of
the ellipsometric parameters that reflect the temperature de-
pendence of the period of the Sm-C�

* phase and increasing
tilt with decreasing temperature �13,24�. It has been shown
that the period of the Sm-C�

* phase of MHPOBC increases
drastically at the phase transition into the Sm-C* phase. In
the Sm-C* phase we measure the largest difference between
�±, which corresponds to the ferroelectric order in this phase
and to the largest component of the spontaneous polarization
PS, coupled to a net molecular tilt. At this temperature, the
increase of the ellipsometric parameters with decreasing tem-
perature reflects the increase of the overall molecular tilt. A
characteristic noisy signal is always observed in the ferrielec-
tric Sm-C�

* phase, which is probably due to the high insta-
bility of the short-pitch three-layer phase. The low-
temperature phase is the antiferroelectric phase with zero or
very small and constant difference ��+−�−�, depending on
the odd and even number of smectic layers �22�.

III. DISCRETE PHENOMENOLOGICAL MODEL

The experimental observations were analyzed within dis-
crete phenomenological �clock� model, as described in detail
before �25�. The goal of the analysis was to reproduce the
observed temperature dependences of both ellipsometric pa-
rameters in thin films, using a minimum set of model param-
eters, and then extrapolate the model to the thick films sys-
tem, that is numerically very demanding. We should
emphasize, as was already emphasized before by different
authors �18,23,26,27�, that the two ellipsometric parameters
are extremely sensitive to the overall configuration of the c
directors in individual smectic layers. This extreme sensitiv-
ity results in a very strong constraint on possible structures
and therefore their unique identification.

FIG. 6. Measured temperature dependence of the two ellipso-
metric parameters �+ ��� and �− ��� in the high-temperature re-
gion in �a� N=4 layer and �b� N=47 layer film. The two ellipso-
metric parameters are defined in the text to Fig. 3. We observe
similar behavior of the parameters �± in thin and thick films, which
suggests that the surface layers of thick films behave like layers in
thin films. This means that in the high-temperature region �i.e.,
above the bulk phase transition into tilted phases�, the surface layers
in thick films undergo the same phase sequence as thin films:
C→S→AAF.

FIG. 7. Measured temperature dependence of the two ellipso-
metric parameters �+ ��� and �− ��� in N=285 layer film. The two
ellipsometric parameters are defined in the text to Fig. 3.
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When considering such a model, we restricted our choice
of model properties to those already observed in other ex-
periments. For example, we consider that the molecules in
the outer layers can spontaneously tilt at higher temperatures
compared to the layers in the interior �20�. Furthermore, we
consider that the tilting direction of the inner layers can be in
some cases opposite to the outer layers, as observed recently
by Han et al. �23�.

The analysis of the temperature dependences of the ellip-
sometric parameters was carried out in two steps. First we
calculated the equilibrium structures in the model films at
various temperatures. This was done by analyzing the stabil-
ity of the N-layer free-standing film by expanding the free
energy of a system of N coupled smectic layers:

G = �
i=1

N
a0

i

2
	i

2 +
b0

i

4
	i

4 +
a1

2
	i	i+1 cos�
i − 
i+1�

+
a2

8
	i	i+2 cos�
i − 
i+2� + CE	i cos 
i. �1�

The coefficients a0
i =��T−T0� and b0

i describe the intra-
layer interactions and to the largest extent determine the
value of the tilt angle in the ith layer. These interactions can
be different for inner and outer layers, respectively.

We should note here that the values of the coefficients a0
i

and b0
i cannot be considered equal to those determined ex-

perimentally within the phenomenological continuum mod-
els �see, for example, Ref. �1��. This is because the coeffi-
cients a1 and a2 also influence the magnitude of the tilt angle
through the coupling of the tilt magnitude with the phase. In
simple words, when the structure is highly twisted or other-
wise distorted, the equilibrium values of the tilt angle are
different from those in a homogeneous configuration. We
should also note that the values of these coefficients were
determined for the first time in this and our preceding work
�15�.

The next two terms with coefficients a1 and a2 are the
lowest-order terms describing the interactions between the
neighboring layers and are set equal for all layers. The last
term is the coupling of the spontaneous polarization of each
layer with the external electric field. The surface interactions
of the outer layers are properly taken into account by defin-
ing the order parameter to be 	i=0 for i�1 and i�N. Physi-
cally, this means that the first and last smectic layers �i.e., the
two outer layers�, as well as their first interior neighbors,
interact only with the layers in the interior of the film,
whereas there is no molecular interaction with empty space
outside the film.

Before starting the minimization procedure, the free-
energy density was normalized to the parameter �, so that
consequently all the expansion parameters in Eq. �1� were
also normalized to �. The starting values of the expansion
parameters were determined as follows: the ratios of b0 /�
and � were determined from the temperature dependence of
�± in a two-layer film. These values, which determine to the
largest extent the magnitude of the tilt in a given layer, had to
be varied slightly for individual layers in three- and four-
layer films, to obtain the best overall agreement. The starting

values of the coefficients a1 and a2 were taken from previous
theoretical studies �16�, and only a1 was fine-tuned after
comparing the calculated temperature dependence and phase
transitions with those measured. a2 was kept at a constant
value.

The free energy is then minimized following the standard
procedure as described in Ref. �25� and can be done analyti-
cally in N=2 and partially analytically in N=3 layer films.
The results of the first step was a set of the equilibrium
values of the tilt angle for each smectic layer and the set of
the phase angles of the c director for each layer, uniquely
defining the equilibrium structure in a free-standing film.

In the second step, we have calculated the temperature
dependences of both ellipsometric parameters �± for the cal-
culated equilibrium structure using the 4�4 matrix method
of Yeh �21�. The calculated temperature dependence was
compared to the measured one, and then the procedure was
iterated by fine-tuning b0 and a1, whereas keeping a2 con-
stant, until an overall agreement was obtained for two-,
three-, and four-layer films. We should stress that at the ini-
tial stage, the analysis was very time consuming �time scale
of several months�, until we traced the basic structures and
corresponding phase transitions. From there on, the analysis
converged very rapidly to the set of parameters that could
describe quantitatively the measured temperature depen-
dences and observed phase transition. We should stress again
that the two measured temperature dependences of the ellip-
sometric parameters �including the number of observed
phases and the temperatures of phase transitions� have a very
strong constraining effect on possible structures and make us
confident that the structures that we have calculated indeed
correspond to those that exist in our films.

IV. DISCUSSION

In a two-layer film the analytically calculated equilibrium
structure is planar anticlinic with the tilt angles of 	1=	2
�23°. The corresponding ellipsometric parameters, as calcu-
lated by the 4�4 matrix method, confirm the experimental
temperature dependence of �± �Figs. 8�a� and 4�a��. The
slight temperature dependence of the tilt angle and conse-
quently of the two ellipsometric parameters indicates the
nearly saturated regime, and the phase transition temperature
into the tilted phase is estimated to be 161 °C.

The temperature dependence of the ellipsometric param-
eters in a three-layer film is analyzed partially analytically
and partially numerically. First, the free energy is minimized
analytically with respect to the phase angles of individual
layers, which is followed by a numerical minimization with
respect to the tilt angles. The experimental data can be fitted
well if we assume the following: �i� the outer layers tilt spon-
taneously at higher temperatures compared to the inner lay-
ers, �ii� the parameter a1 is small and depends on tempera-
ture, and �iii� we allow the possibility that the structure in the
low-temperature region is nonplanar—i.e., twisted. In this
case the measured and calculated ellipsometric parameters
agree very well �Fig. 8�b��. We conclude that the high-
temperature phase is indeed an anticlinic C phase and the
low-temperature phase is a twisted structure with the phase
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difference between neighboring c directors of �40°. The
phase transition between the two phases appears at
TC�121 °C. The stability of a twisted structure is consistent
also with an odd-even effect, which was predicted recently
�16�. We observe, however, a small discrepancy between the
experiment and theory close to the transition, where we
could not reproduce completely a small difference between
�+ and �− in the C-phase region and a small jump at the
phase transition. The first can be explained by the influence
of the applied electric field, which makes the originally pla-
nar C structure slightly nonplanar and therefore polar, with a
nonzero difference between the two ellipsometric param-
eters. The second is a consequence of a slightly first-order
transition, discussed in �3�.

In a four-layer film, we can easily reproduce the anticlinic
C, the synclinic S phase, as well as the low-temperature an-
tiferroelectric phase. The most interesting is, however, the
temperature interval between 114 and 128 °C, where we ob-
serve the nonmonotonous behavior of the two ellpsometric
parameters. The analysis in this region was performed nu-
merically �25� and several possible scenarios were tested to
describe the unusual T dependence of the ellipsometric pa-
rameters. The twisted structures were eliminated, because �+
and �− could not be reproduced at all. The difference be-
tween �+ and �− was always far too small due to spatial

averaging of the optical anisotropy in the case of twisted
structures. We then concentrated on the stability analysis of
possible planar phases �28� by setting the phase angles to
zero. The observed nonmonotonous behavior of �+ and �−
could be well reproduced in a four-layer film if we consid-
ered similar assumptions as in a three-layer film: �i� the outer
layers spontaneously tilt at higher temperatures compared to
the interior two layers, �ii� the inner layers tilt in the opposite
direction compared to the outer layers, and �iii� the neighbor-
ing layer coupling parameter a1 is small and temperature
dependent. Due to the symmetry properties of the phase in
the nonmonotonous region, we called this phase the antian-
tiferroelectric �AAF� phase, where the antiferroelectric unit
pairs are ordered in an antiferroelectric manner. These as-
sumptions automatically generate the sequence of structures
as well as phase transitions, which give a very good quanti-
tative agreement with the observed ellipsometric parameters,
as shown in Fig. 8�c�. The anticlinic C phase first transforms
via the first-order phase transition into a synclinic S phase at
TSC�128 °C. Then, the S phase transforms into the AAF
phase at T�121 °C. Finally, the AAF phase transforms into
the antiferroelectric �AF� phase at TAS�114 °C by collec-
tive rotation of the antiferroelectric molecular pairs. The
most important result here is the reproduction of the charac-
teristic narrowing of the part of the �+-�− in the AAF phase,
which could not be reproduced in any other scenario that was
considered. The stability of planar phases in an even four-
layer film is confirmation of the odd-even effect �16� and
supports the clock model.

Before discussing thick films, let us comment on the val-
ues of the expansion parameters, as they are different for
different film thicknesses. First, the parameter a0 is in all
cases smaller for the outer layers. This means they are al-
ready tilted at higher temperatures, which is in agreement
with other experiments that have been performed so far
�20,22,23,29�. Second, the parameters b0 are different for the
outer and inner layers. As a consequence of this, the tilt of
surface layers is larger compared to the interior layers, which
is also in agreement with other experiments. The fact that the
difference between b0’s of exterior and interior layers is
smaller for larger N is also consistent, as it indicates less
influence of the surface in the interior layers for thicker
films. Third, the parameter a1 is temperature dependent,
which is the most crucial issue in our analysis. Fortunately,
there is a direct evidence of this temperature dependence
�suggesting its intrinsic nature� from the critical field for the
unwinding of the bulk AF phase into the ferroelectric phase,
which is Ec�T�=2a1�T�	 / P�T� and P�T� is the electric po-
larization of a single tilted smectic layer. The analysis of
available data for bulk MHPOBC �30� shows that a1 in-
creases linearly with decreasing temperature, in good agree-
ment with our premise. Interestingly, the crossover tempera-
ture, where this parameter changes sign, is at lower
temperatures for thicker films. This is also consistent, as
positive a1 favors the AF phase and this phase appears at
lower temperatures in thicker films �compare N=2 and
N=4�. The observed thickness dependence of the free-energy
expansion parameters is in fact not surprising, as they de-
pend in a complicated way on the nematic and smectic order
parameters, which are strongly influenced by the confining
surfaces and therefore number of layers.

FIG. 8. The temperature dependence of the two ellipsometric
parameters �+ ��� and �− ���, obtained from the minimization of
the clock model free energy. The model parameters are normalized
to � �see �10�� and slightly differ for N=2, 3, and 4 layers: �a�
N=2: the model parameters are a1 /�=0.025 K, b0

1,2 /�=230 K,
�=4000 J /m3. �b� N=3: the model parameters are �a0

1,3−a0
2� /�

=13 K, a2 /�=0.25 K, b0
1,3 /�=55 K, b0

2 /�=330 K, �=4000 J /m3.
The nearest-neighbor interaction a1 is temperature dependent,
�a1 /� /�T=0.01, a1 /��T=126 °C�=0.07 K. �c� N=4: the model
parameters are a0

1,4−a0
2,3 /�=15 K, a2 /�=0.25 K, b0

1,4 /�=140 K,
b0

2,3 /�=200 K, �=4000 J /m3. Again, a weak temperature depen-
dence of the nearest-neighbor interaction coefficient a1 was consid-
ered: �a1 /� /�T=0.01 and a1 /��T=135 °C�=−0.16 K.
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Let us now see to what extent can we extrapolate the
scenario of a four-layer film to the high-temperature region
of thick films—i.e., above TC

bulk �see Fig. 9�. Very similar
behavior of the temperature dependences of the two ellipso-
metric parameters in thin and thick films suggests that the
surface layers in thick films behave similarly as thin free-
standing films. This leads to the conclusion that in thick films
the crucial contribution to the calculated values of �± origi-
nates from the structure of the two outermost layers at both
surfaces. If the two outermost layers are tilted in the same
manner as in the four-layer film, the interior of the thick film
has to remain in the form of a nonpolar Sm-A phase. Our
conclusion is that in the high-temperature region of thin and
thick films �i.e., above TC

bulk�, the surface layers undergo the

following phase sequence: planar C→planar S→planar
AAF phase �see Fig. 6�.

We have observed many similarities between our ellipso-
metric experiment and others. For example, we have ob-
served that above the bulk phase transition into the tilted
Sm-C�

* phase, thick free-standing films can be considered as
a combination of tilted surface layers and nonpolar and non-
tilted cores. We find that these tilted surface layers undergo
the same phase sequence as the four-layer thin free-standing
film, indicating that the range of surface interaction is of the
order of two smectic layers. Similar findings were reported
in other experiments that have been performed so far
�20,22,23,29�. Further on we have observed the new planar
AAF phase besides the well-known planar anticlinic and
synclinic structures in thin films. This phase was also ob-
served nearly simultaneously in recent ellipsometric experi-
ments of Chao et al. �27� and Han et al. �23�. Similar to our
experiments, they have reported stable structures in thin free-
standing films, where the molecules in inner layers tilt in
opposite directions compared to the surface layers.

We can conclude that the simple clock model is indeed
very successful not only in reproducing the phase stability
and phase sequences but also in giving a good quantitative
agreement between measured and calculated ellispometric
parameters of two-, three-, and four-layer free-standing films
of MHPOBC. The present work represents a direct test of the
clock model and the first �to our knowledge� determination
of a consistent set of free-energy expansion parameters of the
clock model.
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