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Surface and finite-size effects on N−Sm-A−Sm-C phase transitions in free-standing films
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The present study is devoted to the investigation of surface anchoring and finite-size effects on nematic–
smectic-A–smectic-C (N−Sm-A−Sm-C) phase transitions in free-standing films. Using an extended version
of the molecular theory for smectic-C liquid crystals, we analyze how surface anchoring and film thickness
affect the thermal behavior of the order parameters in free-standing smectic films. In particular, we determine
how the transition temperature depends on the surface ordering and film thickness. We show that the additional
orientational order imposed by the surface anchoring may lead to a stabilization of order parameters in central
layers, thus modifying the nature of the phase transitions. We compare our results with experimental findings for
typical thermotropic compounds presenting a N−Sm-A−Sm-C phase sequence.
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I. INTRODUCTION

The comprehension of phase transitions involving smectic
liquid crystals is a long standing issue. In these systems, a
very rich phenomenology can be observed due to the interplay
of anisotropic critical behavior [1,2], surface ordering [3–5],
finite-size effects [6,7], and external fields [8–10]. In particu-
lar, smectic samples have a unique ability of forming freely
suspended films, also termed as free-standing films, which
correspond to a stack of smectic layers confined in a surround-
ing gas [11]. Due to the absence of a solid substrate, the equi-
librium configuration is determined by the film holder, with
the surface tension reducing the thermal fluctuations at the
film surface [12]. In fact, surface anchoring conditions at the
gas/film interface can lead to the stabilization of the smectic
ordering even above the bulk transition temperatures [13]. As
a consequence, a large variety of unusual physical phenomena
can be observed in free-standing smectic films, such as layer
thinning and thickening transitions [14–16], anomalies on the
specific heat [2,17,18], thickness dependence of the transition
temperature [6], as well as surface-induced biaxiliaty [5].
Since the film thickness can vary from a few nanometers to
several micrometers, free-standing films constitute a suitable
experimental setup for understanding how changes in the
system dimensionality affect the thermodynamic behavior of
the smectic phase [13,19].

Over the past decades, a remarkable amount of interest
has been devoted to phase transitions involving smectic liquid
crystals with a tilted molecular alignment [2,7,17,18,20–25].
Different experimental techniques have been employed to
determine the nature of smectic-C−smectic-A (Sm-C−Sm-A)
and smectic-C−nematic (Sm-C−N) phase transitions [17,20–
23,26–29]. In rodlike compounds presenting a small or mod-
erate transverse dipole moment (P � 20 nC/cm2), it has
been verified that the Sm-C−Sm-A phase transition has a
second-order character [20,22], while the Sm-C−N phase

transition exhibits a first-order behavior with a small latent
heat [20]. Moreover, the analysis of heat-capacity measure-
ments in several compounds revealed that the temperature
range of the Sm-A phase plays an important role to the
behavior of continuous Sm-C−Sm-A phase transition [26],
delimiting the crossover between the mean-field tricritical
and the ordinary mean-field character of this transition [17].
However, a first-order Sm-C−Sm-A phase transition has been
reported in smectogenic compounds presenting a large trans-
verse dipole moment (P > 50 nC/cm2) [27], with a large
Sm-A temperature range [17]. Besides, a nematic–smectic-
A–smectic-C (N−Sm-A−Sm-C) multicritical point has been
reported in binary liquid-crystal mixtures [30], as well as in
single component systems under high pressures [23].

Motivated by the rich phenomenology observed in the
experimental results, several theoretical studies have been per-
formed to better describe transitions involving Sm-C liquid-
crystal phase [31–38]. In fact, a large variety of micro-
scopic models have been introduced to characterize inter-
molecular interactions in smectogenic systems. Assuming a
bilinear mean-field potential for the tilt angle distribution,
Gieβelman and Zugenmeier provided an equation of state
for the Sm-C phase [32], consisting in a Langevin function
of the reduced tilt angle and the reduced temperature. De-
spite the good description of the temperature dependence
of tilt angle, such an oversimplified model cannot repro-
duce the variety of experimental phase diagrams. Consider-
ing a system of rodlike molecules with a perfect orienta-
tional order, van deer Meer and Vertogen analyzed how a
dipole-induced interaction leads to the emergence of a tilted
smectic phase [39], in which the Sm-C−Sm-A transition
does not correspond to the usual order-disorder type. Based
on molecular interactions between rodlike molecules with
off-axis dipoles, Govind and Madhusudana have developed
a modified version of McMillan’s model for Sm-A–N-Iso
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systems, being successful in the description of experimental
phase diagrams presenting the Sm-C phase [33,34]. However,
such a model requires the introduction of an excluded-volume
contribution to stabilize the Sm-A phase, thus leading to
a large number of free parameters. Using a complete set
of orientational- and translational-order parameters, recent
studies have introduced different pair-interaction potentials
for polar and nonpolar molecules, to reproduce phase di-
agrams containing conventional or “de Vries-type” Sm-C
phases [36,37,40–42]. Nevertheless, the use of a complete
set of order parameters implies a large number of free pa-
rameters in these molecular models, making difficult their
comparison with the typical characteristic of liquid-crystalline
compounds.

Tilting transitions in free-standing smectic films may ex-
hibit a distinct behavior in relation to those observed in
bulk systems [7,21,24,27,43–46]. In fact, surface anchoring
conditions and finite size effects tend to affect the thermal
behavior of orientational- and translational-order parame-
ters in thin free-standing smectic films. From monitoring
the transmittance of such systems close to a second-order
Sm-C−Sm-A phase transition, an unusual thickness depen-
dence has been reported for the thermal behavior of the
average tilt angle [21], with the transition temperature in
thin films being higher than that of a bulk system. Optical
ellipsometry measurements have revealed that a finite aver-
age tilt may remain in the surface layers of free-standing
films, well above the bulk transition temperature [27]. Such
a scenario has been supported by electron diffraction mea-
surements in thin film [24], where a surface-induced phase
sequence is identified. Moreover, surface-effects may lead
to changes in the nature of Sm-C−Sm-A phase transition
[27,46], especially in films with a few layers. For compounds
presenting a first-order Sm-C−Sm-A bulk phase transition,
the discontinuous jump in the tilt angle is replaced by a
continuous behavior at the transition temperature, when the
film thickness is lower than a characteristic thickness [27,46].
Furthermore, surface anchoring and finite size effects give
rise to a nonuniform tilt profile in free-standing Sm-C films
[45], with the outermost layers being more tilted than the
inner layers. In chiral smectic samples, a series of dis-
crete transitions has been reported [7], where a reentrant
synclinic-anticlinic-synclinic ordering sequence takes place
at the surface film in the presence of an external electric
field.

Although several studies have been devoted to the the-
oretical description of phase transitions in bulk Sm-C sys-
tems, microscopic models for free-standing films have not
been exploited so far. In the present study, we investigate
N−Sm-A−Sm-C phase transitions by using an extended ver-
sion of the mean-field theory for Sm-C liquid crystals. We
analyze how the interplay of surface anchoring and finite size
effects affect the thermal behavior of the order parameters in
free-standing smectic films. In particular, we show that the
additional orientational order imposed by the surface anchor-
ing may lead to a stabilization of order parameters in central
layers, thus modifying the nature of the phase transitions. We
compare our results with experimental findings for typical
thermotropic compounds presenting a N−Sm-A−Sm-C phase
sequence.

FIG. 1. (a) Schematic representation of the long molecular axis
�a in the Sm-C phase, for a Cartesian coordinate system with the z
axis being normal to the smectic layer plane. For convenience, we
assume that the director �n is restricted to the z-x plane, defined as
the tilt plane. Here, the vector �c corresponds to the projection of the
director in the x axis, while ω represents the tilt angle of the director
�n in relation to the smectic wave vector �q. The orientation of the long
molecular axis is defined by polar and azimuthal angles θ and φ,
respectively. ψ is the relative angle between the long molecular axis
�a and director �n. (b) Representation of the layer contraction induced
by the molecular tilt, with d0 being the layer spacing in the Sm-A
phase.

II. MICROSCOPIC MODEL FOR BULK TRANSITIONS

We investigate a single component smectogenic system
of rodlike molecules with a small or moderate transverse
dipole moment [34], which presents a layer contraction in the
tilted smectic phase. To characterize the average molecular
orientation inside the smectic layers, we consider the relative
orientation of the director �n (|�n| = 1) and the smectic wave
vector �q, which is represented by average tilt angle ω, as
shown in Fig. 1(a), where �q is assumed to be normal to the
smectic layer plane (x-y plane), with a magnitude depending
on the layer spacing d (| �q| = 2π/d). Moreover, we assume
that the director �n is fixed at the z-x plane for convenience.
Considering the Cartesian coordinate system where the z axis
is parallel to �q, the orientation of the molecular long axis �a
is defined in terms of polar and azimuthal angles θ and φ,
respectively. Besides, the orientation of molecular long axis
in relation to the director is represented by the angle ψ , which
satisfies the relation

cos ψ = cos θ cos ω + sin θ sin ω sin φ. (1)

In what follows, we assume that the average tilt direction is
the same for all smectic layers and the molecular centers are
randomly distributed inside the smectic layers. Furthermore,

022702-2



SURFACE AND FINITE-SIZE EFFECTS ON … PHYSICAL REVIEW E 102, 022702 (2020)

we consider that a nonnull average tilt leads to a contraction
of the layer spacing, being defined by d = d0 cos ω, with d0

denoting the layer spacing in the Sm-A phase, as represented
in Fig. 1(b).

Using Govind and Madhusudana’s approach [33,34], we
consider a single-particle mean-field potential that corre-
sponds to an extension of McMillan’s model with the inclu-
sion of a tilting term, written as

V = − V0

{[
s + ασ cos

(
2πz

d

)]
P2(cos ψ )

+ αβσ 2η sin 2θ cos φ

}
. (2)

In Eq. (2), V0 is a typical interaction energy that determines the
scale of the nematic-isotropic transition temperature of bulk
sample; P2(cos ψ ) is the second-order Legendre polynomial,
with ψ being the angle between the molecular long axis
and the director �n; s, σ and η are orientational, translational
and tilt-order parameters, respectively, and β is a constant
associated with the geometrical arrangement and amplitude
of the dipoles in rodlike molecules. The quantity α is given by

α = 2

(
α0

2

)sec2 ω

, (3)

in which α0 is the geometric parameter related to the length
of alkyl chains of rodlike molecules, through the expression
α0 = 2 exp [−(πr0/d )2], with r0 being a characteristic length
associated with the molecular rigid part.

The order parameters s, σ, and η are defined by

s = 〈P2(cos ψ )〉, (4)

σ = 〈P2(cos ψ ) cos(2πz/d )〉, (5)

and

η = 〈sin(2θ ) cos φ〉. (6)

The thermodynamical averages, 〈· · · 〉, are computed from
the one-particle distribution function, that is,

Z (z, θ, φ) ∝ exp [−V/kBT ], (7)

in which kB is the Boltzmann constant and T is the temper-
ature. The equilibrium order parameters are solutions of the
self-consistent equations, corresponding to the extreme values
of the Helmholtz free energy, given by

F

N0V0
= 1

2
(s2 + ασ 2 + αβσ 2η2)

− kBT

V0
ln

[
1

2πd

∫ 1

−1
d cos(θ )

∫ π

0
dφ

∫ d

0
dzZ

]
, (8)

where N0 is the number of molecules. The equilibrium state
is determined from the global minimum of the Helmholtz free
energy. The solutions corresponding to the different phases
are

(1) s = σ = η = 0 → Isotropic;
(2) s �= 0 and σ = η = 0 → Nematic;
(3) s �= 0, σ �= 0 and η = 0 → Sm-A;
(4) s �= 0, σ �= 0 and η �= 0 → Sm-C.
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FIG. 2. (a) Helmholtz free energy as a function of the tilt angle
ω, at the vicinity of the Sm-C−Sm-A transition temperature, TCA.
We use representative values of the model parameters: α0 = 0.85
and β = 0.33. Notice that a nonnull tilt angle corresponds to a
minimum of the Helmholtz free energy for T < TCA. (b) Temperature
dependence of tilt, η, translational, σ , and orientational, s, order
parameters for α0 = 0.85 and β = 0.33. We observe that η decays
continuously as the system temperature is increased, while σ and s
stay finite, signaling a second-order Sm-C−Sm-A phase transition.

In the present model, the order parameters are numerically
determined using the self-consistent equations for different
values of the tilt angle ω, for fixed values of T , α0, and β. The
equilibrium configuration is determined from the minimum
value of the Helmholtz free energy with respect to ω.

In Fig. 2(a), we present the Helmholtz free energy as
a function of the average tilt angle, at the vicinity of the
Sm-C−Sm-A transition temperature, TCA. We consider as
representative values of the model parameters α0 = 0.85 and
β = 0.33. For T > TCA, we notice that the null tilt angle
corresponds to the only minimum of the Helmholtz free
energy, which excludes the possibility of a coexistence of
Sm-C and Sm-A phases at T = TCA. Such a scenario is
typical of a second-order phase transition, where the energy
minimum in the disordered phase becomes a local maximum
in the ordered one. In fact, a nonnull value of the tilt angle
becomes the minimum of the Helmholtz free energy when
T < TCA. In Fig. 2(b), we show the temperature dependence
of s, σ and η order parameters. The system temperature
is normalized by the nematic-isotropic transition tempera-
ture, TNI = 0.2202V0/kB. The tilt-order parameter η decays
continuously as the system temperature is raised, while the
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FIG. 3. The tilt angle as a function of T/TC for β = 0.33 and
three representative values of the geometric parameter α0: α0 = 0.75
(black solid line), α0 = 0.85 (red dashed line), and α0 = 0.98 (blue
dotted line), where TC represents the temperature where η order
parameter vanishes. Notice that the continuous decay of the tilt
angle is replaced by a discontinuous behavior as the parameter α0

is increased.

orientational- and translational-order parameters stay finite,
characterizing a second-order Sm-C−Sm-A phase transition
at T/TNI = 0.902. For η = 0, the single-particle potential is
reduced to that of McMillan’s model, which predicts that a
first-order Sm-A–N phase transition takes place for α0 > 0.70.
We notice that the translational-order parameter σ develops a
discontinuity at T/TNI = 0.941, which is accompanied by an
abrupt reduction of the orientational order parameter s, signal-
ing a first-order Sm-A–N phase transition. Moreover, we can
use TCA/TNI and TAN/TNI ratios to compare the present results
with experimental findings for smectogenic compounds with
a small transverse dipole moment. We recall that the nonchi-
ral liquid-crystalline compound p-decyloxybenzoic acid p-n-
hexyphenyl ester (DOBHOP) exhibits a second-order Sm-
C−Sm-A phase transition, followed by a first-order Sm-A–N
phase transition, with TCA/TNI = 0.872 and TAN/TNI = 0.937
[47]. As the DOBHOP molecules present a small transverse
dipole moment (P ≈ 4 nC/cm2) [48], the present results
indicate that the single-particle molecular potential of Eq. (2)
provides a reasonable description of the phase sequence of
DOBHOP compound, with α0 = 0.85 and β = 0.33.

To characterize the effects of molecular structure on the
tilt behavior of Sm-C phase, we analyze the temperature
dependence of tilt angle for β = 0.33 and distinct values
of the parameter α0, as shown in Fig. 3. For the sake of
convenience, the system temperature was rescaled by TC ,
which corresponds to the temperature at which the η order
parameter vanishes. As the parameter α0 is increased, we
observe that the continuous decay of the tilt angle is replaced
by a discontinuous jump at T = TC . Such a behavior suggests
that the value of the parameter α0 affects the nature of the
phase transitions involving Sm-C phase, even though β is
kept constant. Since α0 is associated with the length of alkyl-
chain in rodlike molecules, this result is in agreement with
experimental findings for different homologous series [20,49],
where the molecular rigid part is kept constant and the length
of alkyl-chain is varied. For T < TC , we notice that the tilt
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FIG. 4. The phase diagram in the reduced temperature vs α0

plane for different values of the parameter β. (a) β = 0.30, (b)
β = 0.33, (c) β = 0.40, and (d) β = 0.70. Solid (dotted) lines corre-
sponds to first-order (second-order) transitions. As the parameter β

increases, the Sm-A phase disappears.

angle is favored as the value of the parameter α0 is raised,
with the layer contraction becoming more pronounced.

In Fig. 4, we present the phase diagrams, temperature
versus the parameter α0, considering different values for
the parameter β. The temperature is rescaled by nematic-
isotropic transition temperature, TNI . For β = 0.30, we ob-
serve a second-order Sm-C−Sm-A phase transition for α0 <

1.01, while a first-order Sm-C−Iso phase transition takes
place for α0 > 1.01, as shown in Fig. 4(a). This indicates
that α0 = 1.01 is a critical end point, which corresponds
to the position where the line of continuous Sm-C−Sm-A
transition encounters the coexistence line between the Sm-C
and the isotropic phase. Similar to McMillan’s model [50],
we observe a tricritical point at α0 = 0.70, delimiting the
regions of continuous and discontinuous Sm-A–N transitions.
Moreover, one can note the triple point at α0 = 0.98, which
determines the coexistence of nematic, Sm-A and isotropic
phases. This phase behavior is in agreement with experimen-
tal findings for terephthal-bis-(4n)-alkylaniline (TBnA) [20]
and 2-(4-alkyloxyphenyl)-5-alkyloxypyrimidines (PhPn) [49]
homologous series. In Fig. 4(b), we show the T -α0 phase
diagram for β = 0.33, where a critical end point is observed
for α0 = 0.96. However, the line of continuous Sm-C−Sm-A
transition reaches the coexistence line of discontinuous Sm-
A–N transition, thus corresponding to a N−Sm-A−Sm-C
critical end point. A similar scenario is observed for β =
0.40, as presented in Fig. 4(c). It is remarkable that the
N−Sm-A−Sm-C critical end point is displaced to lower
values of α0 as β is increased, which is accompanied by a
reduction in the Sm-A temperature range. For β = 0.70, the
Sm-A phase is suppressed and a tricritical point at α0 = 0.70
delimits the regions of continuous and discontinuous Sm-
C−N transitions, as shown in Fig. 4(d). We notice that the
NA tricritical point and the N−Sm-A−Sm-C critical end point
tend to merge as the parameter β is increased, thus giving
rise to a NC tricritical point. It is important to emphasize that
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the Sm-A phase is stabilized by the layer contraction, without
the need to introduce an excluded-volume contribution, as
suggested by Govind and Madhusudana [33,34]. In this case,
the single-particle mean-field potential introduced in Eq. (2)
captures the main features of the phase transitions involving
Sm-C phase, with a reduced number of free parameters.

III. EXTENDED MOLECULAR MODEL
FOR FREE-STANDING FILMS

Let us now describe phase transitions in free-standing
Sm-C films. We consider an extended version of McMillan-
Mirantsev’s model [51], by inserting the effective tilting po-
tential. We assume a stratified film with N discrete layers,
where each layer has its own set of orientational, si, transla-
tional, σi, and tilt, ηi, order parameters. Considering the layer
located at the position zi and the molecular orientation defined
by polar and azimuthal angles, θi and φi, respectively, the
effective one-particle mean-field potential can be written as

Vi = −V0
{
P2(cos ψi )[si + αiσ i cos (2πzi/di )]

+αiβσ 2
i ηi sin(2θi ) cos φi

}
, (9)

in which αi = 2(α0/2)sec2 ωi , di = d0 cos ωi, and ωi is the tilt
angle in the ith layer, satisfying the angular relation cos ψi =
cos θi cos ωi + sin θi sin ωi sin φi. In addition, si, σ i, and ηi
are the average order parameters in ith layer and its two
neighboring layers, being given by

si = (1 − δi−1,0)si−1 + si + (1 − δi+1,N+1)si+1

3

+ W0(δi,1 + δi,N )

V0
, (10)

σ i = (1 − δi−1,0)σi−1 + σi + (1 − δi+1,N+1)σi+1

3
, (11)

and

ηi = (1 − δi−1,0)ηi−1 + ηi + (1 − δi+1,N+1)ηi+1

3
, (12)

with i = 1, 2, . . . , N , and δi j is the Kronecker’s δ. In this
approach, the surface anchoring is represented by a surface
orientational field of strength W0. For free-standing Sm-C
film, we assume that the surface ordering gives rise to a tilt
angle profile as follows [52]:

ωi = ωB + (ωS − ωB) cosh [d0(2i − N − 1)/2ξ ]

cosh [d0(N − 1)/2ξ ]
, (13)

where ωB is the bulk tilt angle and ωS is the tilt angle in
outermost layers. ξ is the surface penetration length, which
delimits the range of anchoring effects on the tilt ordering
along the film. As we consider a short-range surface contri-
bution in the one-particle mean-field potential, we assume
ξ = 2d0. In fact, previous studies reported that the surface
penetration length is of the order of the average smectic layer
spacing d0 [45,53,54], not exceeding a few molecular layers.
It is important to highlight that the tilt angle profile defined
by Eq. (13) was introduced by Tweet and co-workers [52],
using a simple phenomenological elastic model. However, ex-
perimental results indicate that the tilt angle disappears before
the layered structure is disrupted when the film temperature is

increased [21,55,56]. To provide a better description of free-
standing Sm-C films, we consider that the surface tilt angle
presents a typical temperature dependence of a mean-field
model, that is,

ωS = ω0

(
TAN − T

TAN − TCA

) 1
2

. (14)

In Eq. (14), TCA and TAN are the bulk Sm-C−Sm-A and Sm-
A–N transition temperatures, respectively. In this model, ωS

vanishes as the smectic order is reduced. In what follows, we
use ω0 = 0.26 (∼15◦).

The local order parameters si, σi, and ηi are defined as the
thermodynamical averages

si = 〈P2(cos ψi )〉, (15)

σi = 〈P2(cos ψi ) cos(2πzi/di )〉, (16)

and

ηi = 〈sin(2θi ) cos φi〉, (17)

being computed from the one-particle distribution function in
the ith smectic layer, that is,

Zi ∝ exp [−Vi/kBT ]. (18)

The total Helmholtz free energy is then given by

F

N0V0
=

N∑
i=1

Fi, (19)

with

Fi = 1

2
(sisi + αiσiσ i + αiβσ 2

i ηiηi )

− kBT

V0
ln

[
1

2πdi

∫ 1

−1
d cos(θi )

∫ π

0
dφi

∫ idi

(i−1)di−1

dziZi

]
.

(20)

From this model, we can compute the profile of the order
parameters for different sets of free parameters in the single-
particle mean-field potential: α0, β, and W0. Indeed, we use
the tilt angle profile defined in Eq. (13) to obtain the actual
profiles of order parameters that minimize the Helmholtz free
energy, thus yielding the equilibrium configuration of the
system. It is important to highlight that the tilt angle profile
of Eq. (13) has been widely used in several experimental
studies, leading to a reasonable description of the thermal
and hydrodynamic properties of free-standing Sm-C films
[28,52,55].

In combination with Eq. (14), we use the bulk values of ωB

to compute the tilt angle profile for distinct film temperatures,
as shown in Fig. 5. We consider N = 15, ω0 = 0.26, α0 =
0.85, and β = 0.33. We observe that Eq. (13) provides a tilt
profile with a positive curvature, where the outermost layers
present tilt angles larger than the internal ones. For T > TCA,
a pronounced tilt reduction takes place at central layers as
ωB vanishes, while a non vanishing tilt persists in outermost
layers. Such a scenario is similar to the experimental findings,
where the surface layers exhibit a Sm-C−Sm-A transition
well above the bulk transition temperature [21]. Besides, it
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FIG. 5. Tilt angle profile for a N = 15 layer film, for distinct
temperatures: T = 0.880TNI (black circles) and T = 0.906TNI (red
squares). We consider ω0 = 0.26, α0 = 0.85, and β = 0.33. For
these parameters, bulk Sm-C−Sm-A transition temperature is esti-
mated as TCA = 0.902TNI . Notice that a pronounced reduction takes
place in the tilt angle of central layers when T > TCA, while a nonnull
tilt persists in outermost layers.

is important to stress that the tilt angle profile is assumed to
be independent of the surface anchoring, W0.

In Fig. 6, we present the profiles of order parameters
for a free-standing smectic film with N = 15 layers. We
use the same model parameters of Fig. 5. Furthermore, we
consider W0/V0 = 0.25, which corresponds to the regime of
weak surface anchoring [35]. For T < TCA, we observe that
nematic and smectic order parameters present nonuniform
profiles with a negative curvature, where central layers are
more ordered than the surface. More specifically, the weak
anchoring leads to a small value of smectic order parameter
in surface layers. However, the tilt-order parameter exhibits
a nonuniform profile with a positive curvature. This profile
is characterized by a high tilt ordering in surface layers, due
to the tilt angle profile defined in Eq. (13). Such a scenario
holds for T > TCA, with a small reduction in the nematic and
smectic order parameters. However, the tilt-order parameter
becomes almost negligible in central layers, while surface
layers present a finite tilt ordering. In this case, surface layers
remain in the Sm-C phase, with the central layers being in the
Sm-A phase. These results show that the tilt angle profile is
the dominant effect in the regime of weak surface anchoring.

A distinct scenario emerges in the regime of strong surface
anchoring, where profound modifications can be observed in
the profiles of order parameters near the bulk Sm-C−Sm-A
transition temperature, as exhibited in Fig. 7. Figure 7(a)
shows that the profile of the nematic order parameter presents
a positive curvature, with surface layers exhibiting an almost
saturated orientational ordering. Such a behavior holds for
T > TCA, with a small reduction in the nematic order pa-
rameter of internal layers. In Fig. 7(b), we observe that the
smectic order parameter exhibits a nonuniform profile with a
negative curvature for T < TCA. In this case, internal layers
are more ordered than the outermost ones. For T > TCA, the
smectic order parameter exhibits a nearly flat profile, in which
a small positive curvature can be verified. Although W0/V0

is not directly coupled to the tilt ordering, we notice that the
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FIG. 6. Profiles of (a) orientational, (b) translational, and (c) tilt-
order parameters for a free-standing film with N = 15, at different
temperatures: T = 0.880TNI (black circles) and T = 0.906TNI (red
squares). The model parameters are the same used in Fig. 5, where
the bulk Sm-C−Sm-A transition temperature takes place at TCA =
0.902TNI . We use W0/V0 = 0.25, corresponding to the regime of
weak anchoring condition. Notice that the tilt-order parameter stays
finite in the surface layers above the bulk Sm-C−Sm-A transition
temperature, even in the regime of weak surface anchoring.

strong anchoring condition leads to the enhancement of ηi

along the whole film, specially in surface layers, as presented
in Fig. 7(c). For T > TCA, a strong surface anchoring tends
to stabilize the tilt order along the film, with exception of the
central layers where tilt ordering is negligible.

To investigate the interplay of finite size effects and surface
anchoring conditions, in Fig. 8 we analyze the thickness
dependence of order parameters at the central layer of free-
standing films for distinct anchoring regimes. The penetra-
tion surface length is kept constant, with ξ = 2d0. In the
regime of weak surface anchoring, the nematic and smectic
order parameters of central layer increase rapidly as the film
thickness is enhanced, reaching their maximum values for
N = 15. However, the tilt-order parameter exhibits a gradual
reduction as the film thickness increases, thus reflecting the
thickness dependence of tilt angle defined by Eq. (13). This
result indicates that the finite size effects govern the thermal
behavior of order parameters in the regime of weak surface
anchoring. A distinct behavior is observed for strong surface
anchoring, as shown in Fig. 8(b). The nematic order parameter
at the central layer is independent of the film thickness, while
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FIG. 7. Profiles of (a) orientational, (b) translational, and (c) tilt-
order parameters for a free-standing smectic film, at the vicinity
of bulk Sm-C−Sm-A transition temperature (TCA = 0.902TNI ). We
consider different film temperatures: T = 0.880TNI (black circles)
and T = 0.906TNI (red squares). The model parameters are α0 =
0.85, β = 0.33, ω0 = 0.26, N = 15, and W0/V0 = 2.5. We notice an
enhancement in the tilt-order parameter due to the strong anchoring
condition.

a very small increase is observed in the smectic order param-
eter. Concerning the tilt-order parameter, we notice that ηcl is
slightly larger in thin films due to the strong surface anchor-
ing. However, the effects of tilt angle profile predominates
as the film thickness is increased. In fact, we have assumed
that the surface tilt amplitude ω0 is independent of the surface
anchoring W0, as it is related to the molecular structure and
excluded-volume contribution. More specifically, there is no
experimental evidence supporting the dependence of surface
tilt angle on the surrounding gas in free-standing films.

Figure 9 exhibits the temperature dependence of the order
parameters at the central layer for different values of surface
anchoring (W0/V0 = 0.25 and W0/V0 = 2.5) and two repre-
sentative film thicknesses (N = 7 and N = 25). For a thin film
with N = 7, we observe that a first-order Sm-C−N transition
takes place in the regime of weak anchoring conditions, while
the nematic order vanishes smoothly as the temperature is
raised, as shown in Fig. 9(a). This result indicates the absence
of the nematic-isotropic transition, even for small values of
the anchoring strength. However, the transition to the nematic
phase leads in practice to the film thinning or to the film
rupture. For a thin film with N = 7 and strong anchoring con-
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FIG. 8. Thickness dependence of order parameters in central
layer of free-standing Sm-C films: nematic (scl , black circles), smec-
tic (σcl , red squares), and tilt (ηcl , blue diamonds) order parameters.
The tilt angle of central layer is also shown (ωcl , green triangles).
Different regimes of surface anchoring are considered: (a) W0 = 0.25
and (b) W0 = 2.50. The model parameters are α0 = 0.85, β = 0.33,

and ω0 = 0.26. Notice that the surface anchoring plays an important
role in central order parameters of thin films.
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FIG. 9. Temperature dependence of order parameters at the cen-
tral layer in smectic films with different thicknesses and anchoring
conditions: (a) N = 7 and W0 = 0.25, (b) N = 7 and W0 = 2.50, (c)
N = 25 and W0 = 0.25, and (d) N = 25 and W0 = 2.50. Notice that
the interplay of finite size effects and surface anchoring may change
the phase diagram of free-standing films. The gray areas represent
the temperature regions where a dramatic reduction in the smectic
order takes place, corresponding to an unstable film.
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ditions, one can note that the first-order Sm-C−N transition
is replaced by a sequence of second-order Sm-C−Sm-A and
Sm-A–N transitions, occurring in higher temperatures than
that observed in bulk systems [see Fig. 2(b)]. For the thicker
film (N = 25), we observe a phase sequence similar to the
bulk system, even for a weak anchoring strength, as observed
in Fig. 9(c). Nevertheless, a residual smectic order parameter
persists after the jump in Sm-A–N transition temperature for a
25-layer film under strong anchoring, as shown in Fig. 9(d). In
this case, the nematic phase presents a residual smectic order,
corresponding to a surface-induced smectic phase (si–Sm-A).
A similar behavior is observed above the nematic-isotropic
transition temperature, where a residual nematic order is
observed.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied the phase transitions in bulk
systems and free-standing films presenting a Sm-C phase.
Using a single-particle mean-field potential introduced by
Govind and Madhusudana [33], we have shown that the phase
diagram of smectogenic compounds with a small transverse
dipole can be reasonably described when the tilt-induced con-
traction of smectic layers is considered. This approach elim-
inates the need to introduce an additional excluded-volume
contribution to stabilize the Sm-A phase, thus reducing the
number of free parameters of the model. By varying the
model parameter associated with the transverse dipoles in
rodlike molecules, a rich variety of phase diagrams have been
observed. In particular, we have identified a N−Sm-A−Sm-C
critical end point, corresponding to the position at which the
line of continuous transition between the Sm-C and Sm-A
phases encounters the coexistence line between the Sm-C and
the nematic phases. Concerning free-standing Sm-C films, our
results showed that the interplay of finite size effects and
surface anchoring conditions affects the phase diagrams of
thin films. Considering a tilt angle profile and a discrete ver-

sion of single-particle mean-field potential, we have computed
the profiles of order parameters of free-standing films under
different anchoring regimes. We have observed that surface
effects stabilize the tilt-order parameter in outermost layers
of films above the bulk Sm-C−Sm-A transition temperature.
As a consequence, surface layers may remain in the Sm-C
phase, while the central layers are in the -Sm-A phase. Such a
coexistence of Sm-C and -Sm-A phases in a free-standing film
has been reported in previous experimental studies [24,46].
However, some questions still remain open, such as the pos-
sible connection between the surface anchoring strength and
surface tilt angle. From a practical point of view, the control
of the anchoring strength may be a challenging task. Although
free-standing smectic films under strong anchoring condition
have been widely probed, the scenario of films with a weak
anchoring is very difficult to be realized. However, recent
studies of free-standing smectic films immersed in aqueous
solutions of surfactants revealed a reduction of anisotropic
contribution of the surface tension [57,58], indicating a re-
duction of the orientational order at the surface layers. Fur-
thermore, the effective control of surface anchoring has been
realized in the study of spherical smectic shells [59], where an
aqueous solution of an amphiphilic triblock copolymer was
used to induce a weak homeotropic anchoring. Considering
the status of the experiments nowadays, the present results
may stimulate experimental efforts aiming to probe the rich
scenario predicted by the extended version of the molecular
theory for Sm-C liquid crystals.
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