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We observe, in free-standing films of a chiral smectic liquid crystal, a series of

discrete transitions in the relative orientation of the tilt of the interior and

surface layers. These transitions include a remarkable reentrant synclinic-

anticlinic-synclinic ordering sequence of the film surfaces in the presence of
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an electric field upon cooling. The profiles of the associated heat-capacity

anomalies are found to be strongly thickness-dependent and exhibit a novel

crossover behavior in reduced dimensions.

Keywords: heat capacity; liquid-crystal films; phase transition; synclinic and anticlinic

ordering

The bulk smectic-A (Sm-A) liquid crystal (LC) phase involves stacked
two-dimensional (2D) fluid layers in which the mean molecular long axis n
is along the layer normal z. At lower temperatures, or at the LC-air interface,
a collective reorientation of n away from z can appear, producing ‘‘tilted’’
smectic layers characterized by the tilt angle h and azimuthal angle u. A
tilted smectic layer is degenerate in energy with respect to changes in u,
and is thus a physical manifestation of the 2D XY model. In a stacking of
layers, the overall structure depends on interlayer interactions and on ther-
mal fluctuations. These combine to produce a variety of bulk phases, the
basic ones being the monolayer smectic-C (Sm-C), where the azimuthal
orientation u in adjacent layers is the same (Du ¼ 0, synclinic), and the
bilayer smectic-CA (Sm-CA), where the tilt is opposite (Du ¼ p, anticlinic).
Additionally, a variety of more complex phases have also been observed, hav-
ing larger unit cells and=orDu 6¼ 0,p [1–4]. When the molecules are optically
active, the corresponding chiral ferroelectric phases (Sm-C�, Sm-CA

�, etc.)
are formed, in which each tilted layer possesses a polarization normal to z

and n [5], enabling possible transitions between these states induced by
an applied in-plane electric field. The thermal transition between the bulk
tilted phases (which can be thought of as stacking of coupled 2D XY layers)
and the Sm-A is of great interest, exhibiting both first- and second-order
behavior which can be affected by an electric field [6–9].

A powerful tool for the study of tilted smectic has been the free-standing
film, where a discrete number N of smectic layers are bounded by free
surfaces. Such a structure is strongly influenced by interfacial effects,
and becomes increasingly affected by fluctuation phenomena as N

decreases. Thus, it has been found that a Sm-A – Sm-C transition that is
first order in the bulk can be second order in films with small N (<15)
[10]. In two- and three-layer films, the transition from Sm-C� to Sm-CA

�

is found to be characterized by the inversion of the tilt and polarization
direction in a single smectic layer [11]. Additionally, because the interaction
between layers extends beyond nearest neighbors and depends on the
proximity of the LC-air interface, tilted smectic films can have quite differ-
ent tilt structure from the bulk [12,13].

In this paper, we report the results of heat-capacity and optical measure-
ments in free-standing films of a chiral smectic liquid-crystal material

394=[2004] C. Y. Chao et al.
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which exhibits novel fluctuation effects, as well as a remarkable set of
N-dependent transitions among different states of tilt organization. These
transitions include a reentrant synclinic-anticlinic-synclinic ordering
sequence of the film surfaces in the presence of an electric field upon cool-
ing. The profiles of the associated heat-capacity anomalies are found to be
strongly thickness dependent and exhibit a novel crossover behavior in
reduced dimensions.

Our experimental technique for making heat-capacity measurements
has been described elsewhere [14]. The depolarized reflected light micro-
scopy technique was used to visualize the orientations of the azimuthal
angle u [15]. The material used was [400-carboxy-(1-(R)-trifluoromethyl-
heptyl)-phenyl]-20,30-difluoro-400-(7,7,8,8,9,9,10,10,10-nonafluorodecyloxy)
-biphenyl carboxylate (MDW 1397). Bulk MDW1397 exhibits the isotropic,
Sm-A, Sm-C� and Sm-CA

� phases upon cooling [16]. Free-standing Sm-A
films of MDW1397 from 3 to 21 molecular layers were drawn over a hole
of radius 8 mm for heat-capacity measurements and 3 mm for optical obser-
vations. The exact number N of smectic layers was determined by optical
reflectivity [17]. Electrodes on either side of the 3-mm hole were used to
apply an in-plane ac electric field E of up to 25 V=mm at a frequency of
0.1–1 Hz to suppress flow instabilities.

Above 74�C in the Sm-A phase, we determine from the brightness of the
uniform texture under depolarized microscopy in the presence of arbi-
trarily small fields that the optic axis of the film aligns parallel to the field
E. This anticlinic ground state was reported previously in other materials
[11,15]. We find that, for values of E above a critical field Ec, the optic axis
reorients by 90� to align perpendicular to E, transforming to the synclinic
state, as illustrated in Figure 1. The temperature dependence of Ec for an
8-layer MDW1397 film is also shown in Figure 1.

Upon cooling below 74�C, in the absence of an external electric field,
we observe a series of phase transitions indicated by a moving boundary
separating different textures caused by a slight temperature gradient
across the film. Based on the optical observations, we can propose a model
for the phase transitions as depicted in Figure 2. The first transition at T1

corresponds to a spontaneous surface anticlinic-synclinic transition. The
transition temperature T1 increases as the film becomes thinner. At T2,
the film transforms to a state characterized by a large transverse polariza-
tion (perpendicular to the tilt plane), indicative of a uniform synclinic state
(Sm-C�). Below T3, in addition to the transverse polarization present in all
films, we find that thicker films exhibit small c-director fluctuations, but
thinner films show surprisingly large c-director fluctuations (indicating a
small net polarization). This state, which does not exist in the 3-layer film,
is thought to have a synclinic interior, but with surface layers which are
anticlinic with respect to their adjacent layers, as sketched in Figure 2.

Thermal Behavior in Chiral Smectic LC Films 395=[2005]
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Finally, below T4, the films exhibit the typical odd-even layering effect of
the antiferroelectric Sm-CA

� phase, in which films with an odd number of
layers have a net transverse polarization and films with an even number
of layers have a net longitudinal polarization (in the tilt plane) [15]. The
schematics of the entire transition sequences in 3-, 4-, and 8-layer films
are summarized in Figure 2.

The thermally-driven surface anticlinic-synclinic transition at T1 and the
field-induced anticlinic-synclinic transition in Sm-A films result in a variety
of phase sequences occurring when cooled in the presence of different
values of the electric field, as illustrated in Figure 1 for an 8-layer film.
When a Sm-A film is cooled along path A in the presence of a relatively
weak electric field, the surface layers remain anticlinic until T1 is reached
at 74�C, and then switch to be synclinic. Along path B in the presence of a
medium field of around 10V=mm, the surface layers are initially synclinic at
high temperature, becoming anticlinic below around 75.5�C, before return-
ing to a synclinic state at 74�C. Finally, along path C at an even higher field,
it is possible for the surface layers to remain continually synclinic, with the
crossing of 74�C marked only by a slight increase in optical contrast caused
by a change in the tilt angle. While similar behavior along paths A and C

FIGURE 1 Temperature dependence of the anticlinic-synclinic critical electric field

Ec in an 8-layer Sm-A film. Subsequent phase transitions are seen at T1, T2, T3 and

T4. Paths A, B and C denote cooling runs in the presence of different electric field.

396=[2006] C. Y. Chao et al.
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have been observed previously in different compounds [13], the reentrant
behavior along path B caused by the competition between thermal and
electric-field effects is quite unique.

Utilizing our high-resolution free-standing film calorimeter, we have
measured the heat capacity of MDW1397 films between 3 and 21 layers.
No thermal anomaly can be detected for films thinner than 6 layers. Films
between 6 and 21 layers thick are found to exhibit only one heat-capacity
anomaly at around T2, which increases as the films become thinner. Based
on our optical observations, we believe the heat-capacity anomaly at T2 cor-
responds to the Sm-A – Sm-C� phase transition. Figure 3 displays the tem-
perature dependence of the heat capacity for MDW1397 films of different
layer thickness upon cooling. Unlike the only previous thermal study of
the Sm-A–Sm-C transition in free-standing films [18], in which a noticeable
rounding of the heat-capacity anomaly was reported in films below 25
layers, the anomaly in MDW1397 is found to remain sharp in films down
to 8 layers. Surprisingly, the profile of the heat-capacity anomaly depends
strongly on the film thickness. The heat-capacity anomaly is steeper on the
high-temperature side for N<10, but is steeper on the low-temperature
side for N>10. For N= 15, the low-temperature side of the anomaly is
characterized by an initial steep drop that is followed by an abrupt change
in slope. To examine the extent to which the profile of the heat-capacity
anomaly may be affected by the first-order nature of the transition, we have

FIGURE 2 Schematics of the entire transition sequences in 3-, 4-, and 8-layer films

in the absence of external electrical field.

Thermal Behavior in Chiral Smectic LC Films 397=[2007]
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conducted detailed thermal hysteresis studies using a temperature ramping
rate of about 10mK=min in both directions. We obtained the same heat-
capacity profiles on cooling and heating runs and found thermal hysteresis
of about 40mK, 70mK, and 300mK (with resolution of 50mK) for the
Sm-A–Sm-C� transition in films of 7–12 layers, 13–14 layers, and 15–21
layers, respectively. Thus the transition is essentially continuous to within
our resolution in films of 7–12 layers. For films below 15 layers, our data
also reveal that the magnitude of the heat-capacity peak varies by less than

FIGURE 3 Heat capacity in MDW1397 films of different thickness near the interior

Sm-A–Sm-C� transition at T2.

398=[2008] C. Y. Chao et al.
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5% between heating and cooling runs, suggesting that this transition is at
most weakly first order. Moreover, the width of the two-phase coexistence
region is estimated to be no larger than 50mK. Thus the observed change
in the asymmetry of the heat-capacity anomaly with thickness appears to
be an intrinsic phenomenon unrelated to the slightly first-order nature of
the transition. It should be noted that the heat-capacity anomaly is signi-
ficantly rounded in films of 7 and 6 layers, and is not detectable in films
thinner than 6 layers.

The complex phase-transitional behavior observed can be described as
follows. At higher temperature, the molecules on the surface of the Sm-A
phase are tilted at an angle h with respect to the layer normal. This tilt
is due to a surface ordering effect arising from the broken symmetry at
the air-smectic interface. The two surfaces of the film are anticlinically
coupled [13], but in a sufficiently large electric field they can be forced into
a synclinic state. The observed increase in the threshold field as the tem-
perature decreases toward T1 is somewhat surprising in view of the spon-
taneous synclinic configuration below T1. We speculate that it could be due
either to an increase in the coupling between the surfaces or to a decrease
in the difference between transverse and longitudinal polarizations as T1 is
approached. Although several models [4,19–23] involving an interlayer
coupling extending beyond nearest neighbors have been proposed to
explain the wide variance in orientational ordering among the different
types of Sm-C� phases, the fundamental nature of this coupling is not well
understood. If we consider the broken symmetry at the air-smectic inter-
face to be effectively a surface electric field, then it is not surprising that
the surface tilt has a discontinuous increase below T1. When h increases
above a critical value hc, the anticlinic coupling of the surfaces can no
longer be maintained and the surfaces switch to a synclinic orientation.
For MDW1397, hc is exceeded below T1, so that only the interior Sm-A
layers make the transition to the Sm-C� at T2.

In our thermal results, the large hysteresis and the sharp kink on the
low-temperature side of the heat-capacity anomaly in films of 15 or more
layers indicate that the interior Sm-A–Sm-C� transition is first order, which
is probably due to the influence of a large spontaneous polarization
(�120 nC=cm2) in these films [7,8]. In films thinner than 15 layers, surface
interactions (of penetration depth about 7 layers) strongly influence the
interior first-order transition, which becomes more continuous with
decreasing film thickness, similar to what was observed in another material
[10]. The surface ordering field suppresses the strong thermal fluctuations,
resulting in the heat-capacity anomaly becoming narrower in films less than
13 layers. The asymmetry in the anomaly observed in films of 12–14 layers
can be explained by the formation of an interior uniform synclinic state
(Sm-C�) with a large transverse polarization on the low-temperature side,

Thermal Behavior in Chiral Smectic LC Films 399=[2009]
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reducing the fluctuations. The increasing importance of surface interac-
tions with decreasing film thickness is responsible for the highly unusual
thickness-dependent crossover behavior observed here. In thinner films
of 10–7 layers, the influence of the surface field, which is generally
expected to stabilize the high-temperature phase [10], dominates over
the effect of reduced dimensionality, suppressing the fluctuations on the
high-temperature side of the heat-capacity anomaly.

In summary, we have found an interesting sequence of surface and interior
phase transitions in free-standing films of a chiral smectic material. The
heat-capacity anomaly at the Sm-A–Sm-C� transition exhibits an unusual
dependence on film thickness. The rich variety of phenomena observed
illustrates the competition among surface interactions, low-dimensional
fluctuations and electric-field effects in these chiral smectic films.
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