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Surface-aligning field in smectic liquid-crystal films
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Two modified mean-field J;-J, models are studied to explain the surface reduction of twisting power in the
helical smectic-C;; phase in free-standing liquid crystal films. Profiles of the surface interlayer interaction are
calculated from the experimental results. The calculations reveal the existence of a strong surface field and

indicate that the surface field is the reason for the observed reduced twisting power near the surface region. Our
results provide a quantitative study of the interlayer interactions through surface effects in smectic liquid crystals.
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I. INTRODUCTION

The study of intermolecular interaction is very important for
understanding the properties of materials. However, the direct
experimental measurement of such interactions is usually a
very challenging task. As a result, intermolecular interactions
are often studied from indirect approaches; e.g., the strength
of the ferromagnetic exchange interaction can be obtained
from the value of the magnetic ordering temperature, when
analyzed with appropriate models [1]. For soft materials,
especially smectic liquid crystals, however, the situation
is more complicated as several competing interactions are
usually involved in the ordering and phase transitions [2].

Smectic liquid crystals have layered structures. Thus phase
transitions between different smectic phases are usually driven
by different types of interlayer interactions [2]. Although the
understanding of those interactions are of great importance, so
far very limited experimental studies on this topic have been
published [3,4]. The lack of studies on interlayer interactions
also hindered the theoretical advances of phase transitions in
smectic liquid crystals, especially for the group of materials
called antiferroelectric liquid crystals (AFLC) in which a total
of six smectic-C* (SmC*, in which molecules are tilted away
from the layer normal direction) variant phases are identified
[5.6].

At the moment, one of the few quantitative studies of
interlayer interactions in AFLC materials comes from the
study of helical pitch of the smectic-C; (SmC}) phase [7].
In SmC}, molecules are tilted away from the layer normal and
the tilt direction of each layer is arranged in a helix along the
layer normal, with pitch on the order of a few layers [8—10].
Since each smectic layer has a thickness of about 3 nm,
SmC; structure is optically uniaxial. The helical structure can
be viewed as the result of the competition between nearest-
neighbor (NN) interlayer interaction (J;) and next-nearest-
neighbor (NNN) antiferroelectric interlayer interaction (J).
Thus, by analyzing the temperature evolution of the helical
pitch in the J;-J, model, a quantitative knowledge of the
temperature evolution of J; and J, can be obtained [7].

On the other hand, in smectic liquid crystals, pronounced
surface effects are usually observed, especially in film ge-
ometries [11]. The broken symmetry and surface tension at
the air-liquid crystal interface create an array of interest-
ing phenomena, including surface transitions [12—-14], novel
structures and/or transitions in thin films [15-17], layer by
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layer freezing or melting [18], and the recently observed
surface reduction of twisting power in the SmC}; phase [19].
Although a detailed understanding of the surface interactions
is yet to be achieved, some qualitative knowledge can be
obtained.

In this paper we present a quantitative study of the interlayer
interactions near the surface region in free-standing films of
AFLC. Two modified J;-J, models are proposed and used to
explain the reduced twisting power in the SmC} structure in
free-standing films. Profiles of the interlayer interaction near
the surface region are obtained from the calculation based
on the experimental results reported in Ref. [19]. From the
calculations, a strong surface aligning field is found to be
the reason for the observed reduction of twisting power near
the surface region in the SmC} structure in free-standing films.
These results provide new information and insights for both
the study of surface effects in smectic liquid crystals as well
as the study of interlayer interactions in AFLC materials. It
also provides an example how the study of surface effects
can facilitate our understanding of interlayer interactions in
smectic liquid crystals.

II. EXPERIMENTAL RESULTS
AND STRUCTURAL MODELS

In a recent paper, a null transmission ellipsometer was used
to study the temperature evolution of the helical structures
of the SmC} phase in free-standing films of AFLC compound
100TBBB1M7 [19]. The main experimental results are shown
in the schematic illustrations of Fig. 1. In Fig. 1, the red
arrow represents the tilt direction of the molecules in a given
layer. The results showed reduced values of the rotation angle
¢; between the tilt directions of neighboring layers near the
surface region (Fig. 1, right), where i is the distance from the
biaxial surface layers. At each air-liquid crystal interface, there
are several pretilted planar surface layers (Ng) that do not join
in the formation of the helix. For the case of I00TBBB1M?7,
Ng = 3 layers. It was found that the closer to the surface, the
smaller ¢; will be. It was suggested that an enhanced aligning
field due to the biaxial surfaces (Fig. 1, left) might be the
reason for this phenomenon.

Two structural models (linear model and exponential
model) were proposed to fit the data in Ref. [19]. Within
experimental resolution, both models gave satisfactory results.
In the linear model, a buffer region next to the surface layers
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FIG. 1. (Color online) Schematic illustration of the main exper-
imental result on the study of the SmC; structure in free-standing
films from Ref. [19]. Red arrows represent the tilt direction of each
layer in the film. In the presence of biaxial surface ordered layers
(left), the optically uniaxial SmC;; structure (middle) shows reduced
twisting power (i.e., smaller rotation angle ¢ between the tilt direction
of neighboring layers) near the surface region (right, top three layers
are the biaxial surface layers).

with rotation angle ¢; smaller than the bulk value ¢, was
assumed to have a size of a layers. In the buffer region,
the rotation angle ¢; increases linearly as a function of the
distance from the surface layers until it reaches the bulk value
at a layers from the surface region. In the exponential model,
on the other hand, the evolution of the rotation angle ¢; is
given by an exponential function ¢, x[1 — exp(—i/¢)], with
i being the distance from the biaxial surface region. In those
models, a and ¢ are the only fitting parameters, while the
temperature evolution of ¢, of compound 100TBBBIM7
has been obtained from previous resonant x-ray diffraction
(RXRD) experiments.

Figure 2 shows the structural models described above for
a film with 34 interior layers (excluding the biaxial surface
layers). In the figure, size of the buffer region of the linear
model a = 6 layers was used, while for the exponential model,
¢ = 3 layers. Those values are obtained from the best fit to the
data given in Ref. [19]. A rotation angle equal to 7 /3, which
corresponds to a pitch value of six layers, was used for the bulk
value ¢, since for bulk I0OTBBB1M?7, a pitch from about 5.5
to about 8.5 layers as a function of temperature was observed
in previous RXRD studies. The main results discussed in the
following text do not depend on the particular choice of pitch
value.
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FIG. 2. (Color online) Profile of rotation angle ¢ as a function of
position for a film with 34 interior layers from both the linear model
(black squares) and the exponential model (red dots). In the linear
model, a buffer region with size a = 6 layers was used, while in the
exponential model, { = 3 layers. For this figure, the bulk rotation
angle ¢, = m /3 was used, which corresponds to a pitch of six layers.
The values of @ and ¢ were obtained from the fitting in Ref. [19].
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The bulk helical structure of the SmC;; phase is understood
as the result of the competition between the NN and the
antiferroelectric NNN interlayer interactions. In the J;-J;
model, the corresponding free energy is given by

F =1 Z$i~$i+1+fz ZEi-§i+2~ (1)

Here &; is a unit vector describing the tilt direction of the
molecules in layer i, while J; and J, are the interaction co-
efficients. In the bulk, the rotation angle between neighboring
layers is given by cos(¢p) = —J/4J», with |J;/J»| < 4. For
pitch greater than four layers, the NN interlayer interaction
is of the ferroelectric type (J; < 0), as for the situation in
100TBBB1M7.

Near the surface, there are fewer NNN bonds compared with
NN bonds. Thus neighboring layers show a stronger tendency
toward parallel alignment close to the surfaces [20,21].
However, the large size of the buffer region is intriguing;
from the fitting it is twice the size of the biaxial surface. This
suggests that a strong surface induced aligning field might
be needed to produce the large buffer region observed in the
experiment.

III. MEAN-FIELD MODELS

To gain further and more quantitative understanding, we
studied those results in two modified J;-J, models. The usual
way of forming a theoretical understanding for experimental
results would be through providing some format of trial inter-
action, and then calculating the corresponding set of rotation
angles ¢; that minimizes the free energy. By comparing the
calculated results to the experimental results, we would be
able to gain some understanding of the driving forces of the
reduced twisting power near the surface region.

Here we follow a different approach. Since from fitting
the data to the structural models two sets of ¢; profiles are
already obtained, it would be much more straightforward to
obtain a corresponding profile of interaction coefficient from
the ¢; profiles, provided proper phenomenological terms in the
free-energy expression are included in the models.

First we add an anisotropy energy term to the J;-J, model.
This term has been shown to be essential for the formation of
distorted clock structures in AFLC materials [22,23]. The free
energy now reads

F=NY & &a+hy & &+ biEx &),
2

where the b; term is a position-dependent anisotropy energy
that provides the necessary tendency toward planar alignment.
The summation applies to all the interior layers. Thus the
coefficient b; is expected to be large near the surface and goes
to zero in the interior of the film, where bulklike structures are
observed.

The above equation can be rewritten in terms of ¢; as

F=01) cos(@)+J]2 ) cos¢i +dis1)+ Y _ bilsin(g)]”.
3)

For a film with N interior layers, we have N — 1 rotation
angles ¢; between the neighboring layers. For the ground state
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FIG. 3. (Color online) Calculated profile of the anisotropy inter-
layer interaction coefficient b;/J, for a film with 34 interior layers.
Results from both the linear model (black squares) and the exponential
model (red dots) are shown. The rotation angle profile ¢; used in the
calculation is obtained from Fig. 2, and J; = —2J, is used.

we expect to have d F'/d¢; = 0 for all ¢;. Thus we would have
N — 1 equations for the system. From algebra, b;/J, can be
expressed as a function of ¢;_1, ¢;, ¢;+1, and Jy/Jo:

- = [ﬂ sin(¢y) + sin(@i_1 + ¢i)
J2
+ sin(gi + ¢,-+1)] / sin(2¢). (4)

From the J;-J, model, we already know that in bulk systems
cos(¢p) = —J1/4J,. Thus given the profile of ¢; obtained from
fitting the structural models, we are able to calculate the profile
of anisotropy interlayer interaction b;/J, that produces the
observed ¢;.

Figure 3 shows the results of b; /J, profile calculated from
the ¢; profile shown in Fig. 2 for a film with 34 interior layers.
Here b; /J, for both the linear model and exponential model
are shown. For the calculation, a bulk rotation angle of /3
that corresponds to a J; = —2.J, was used. The results show
a large anisotropy coefficient near the surface region, as b; / J,
has its maximum value near the surface layers. The large
values of b;/J, near the surface region suggest the missing
neighbor effect alone is incapable of producing the observed
experimental results. Also, b; /J, goes to zero in the center of
the film as expected. Those results strengthen our argument
that the observed reduction of twisting power near the surface
region is indeed a surface effect. From the calculated b;/J,
profile we also find that range of this surface aligning field to
be quite large. For the linear model it equals the size of the
buffer region. However, for the exponential model, the range
of finite b; / J, is much larger (several times the size of ¢).

We also explored the possibility of an enhanced NN
interlayer interaction near the surface region as the cause of the
observed experimental results. Adding this term to the J;-J,
model instead of the anisotropy interaction, we would then
have

F=h) & &u+h) & &ty JuG &) 6
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FIG. 4. (Color online) Calculated profile of the surface enhanced
NN interlayer interaction coefficient Jy; / J, for a film with 34 interior
layers. Results from both the linear model (black squares) and the
exponential model (red dots) are shown. The rotation angle profile ¢;

used in the calculation are obtained from Fig. 2, and J; = —2J, is

used.

and

F=1J1) cos(@)+a Y _cos(gi +dis1)+ Y Jui cos(ey).
(6)

Here J)y; is a position-dependent NN term that is expected
to reach zero deep in the center of the film. It provides the
necessary enhanced tendency toward parallel alignment near
the surface region. Following the same procedure as described
above, now we have

Jii J . . .
S = L [sin(¢iog + ) + sin@; + )]/ sin(g).
Jo J>
(7
From the calculation, we obtained a J;;;/J, profile as shown
in Fig. 4.

From Fig. 4 we find that J,;;/J, goes to zero in the center
of the film as expected. However, the large increase of its
magnitude near the surface region and the large range of
interaction suggest a really strong enhancement of the NN
interlayer interaction near the surface, if we do not consider
the anisotropy interaction. Note Ji;; + J; is the total NN
interlayer interaction, and since we have J; = —2J, for this
calculation, about a 100% (about 80%) enhancement is found
in the calculated results for the linear (exponential) model near
the surface.

IV. DISCUSSION AND CONCLUSION

From those calculations, it is clear that the reduced
twisting power near the surface region is indeed the result
of a strong surface interlayer interaction, which has a large
effective range. The phenomenological origins of those surface
enhanced interlayer interactions [b; and J;;; terms in Egs. (3)
and (5)] can be understood in the framework of the Landau
models of surface transitions in smectic films [24-26]. In the
Landau models, enhanced surface order is introduced through
increased transition temperatures of the surface layers. This
leads to increased values of the order parameter (tilt angle) near
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surface layers in the ordered phase and results in the increased
values of the interlayer interaction terms b; (which describes
the energy barrier between synclinic and anticlinic ordering)
or the enhanced NN term J;,;. Following this reasoning, the
change of these interactions as a function of layer position (as
well as the effective ranges) can also be understood under the
Landau models with a finite surface correlation length.

On the other hand, the microscopic origin of this sur-
face interlayer interaction is beyond our phenomenological
treatment. However, the biaxial planar surface layers are
expected to have larger values of tilt angles, while the
fluctuations near the surface layers are suppressed due to
the presence of surface tension. Thus it is possible the
surface interlayer interaction revealed in our calculation
resulted from the fluctuation induced interlayer interactions
and/or the anisotropy elastic constants of tilted smectic
layers [27-29].

Here we would like to point out that the only assumption
made in our calculation is the choice of the surface enhanced
interlayer interaction term. All the numerical values used came
directly from experiments. Results from the two situations
(anisotropic interlayer interaction or surface enhanced NN
interlayer interaction) yield qualitatively the same behavior
for the surface field profile. They show maximum values near
the surface region and reach zero deep in the interior of the
film. This indicates that our conclusion does not depend on
the choice of phenomenological terms. In our study we did
not attempt a model with both the anisotropic interaction and
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the enhanced NN interaction to avoid introducing too many
free parameters. There is also no reason that the calculated
enhanced surface interlayer interaction should be restricted
to compound 100TBBB1M?7 or the SmC; phase only. Thus
our results also serve as a quantitative study of the interlayer
interaction as well as surface effects in smectic liquid crystals.

In summary, we studied the reduced twisting power near
the surface region in the helical SmC} phase of free-standing
films in two modified J;-J, models. An anisotropy interlayer
interaction or an enhanced surface NN interlayer interaction
term was added to the original free-energy expression. Strong
surface interlayer interactions were found to be the reason for
this phenomenon. Profiles of the surface interlayer interactions
are calculated from the structures obtained from fitting the
experimental data. The effective ranges of the surface fields
are found to be very large.

This study presents a unique example of studying the in-
terlayer interaction through the investigation of surface effects
in smectic liquid crystals. Given the common occurrence and
rich variety of surface effects in smectic liquid crystals, our
approach provides an excellent alternative route for studying
the interlayer interactions in smectic liquid crystals.
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