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Null transmission ellipsometry was employed to study the temperature evolution of the helical
structure of the smectic-C ∗

α phase. Free standing films with thickness ranging from 31 to more than
400 layers were prepared and studied. The experimental results show a reduced twisting power in
thin films. A simple model was constructed to explain the results. Surface effects were found to
be the key reason for this phenomenon. Our findings are consistent with the theoretical studies of
helically ordered magnetic films.
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Surface effects and finite size effects are unaviodable
in experiments, since real systems are always finite and
thus have boundaries. Finite size effects are known to
shift the magnetic ordering temperature of thin films [1],
while surface effects have been shown to produce its own
critical behavior in the study of phase transitions [2].
Thus the studies of those effects are very important in
the understanding of phase transitions in thin films as
well as the behavior of nanoscale devices.

Liquid crystals provide excellent systems for the stud-
ies of surface effects and finite size effects, especially
smectic liquid crystals in which layered structures are
found. In previous studies, those effects are found to
shift the ordering temperature as well as change the phase
transition behavior as the system sizes change [3–5]. In
some other studies, completely new phases and struc-
tures are found in thin films which do not appear in bulk
samples [6]. In many cases it is difficult to attribute one
phenomenon to just the surface effects or the finite size
effects. However, in a few examples, they lead to different
aspects of the experimental results [7, 8] .

In the smectic-C ∗

α (SmC ∗

α) phase, molecules are tilted
away from the layer normal, the tilt direction of each
layer is arranged in a helix along the layer normal, with
pitch on the order of a few layers [9–11]. In a recent
paper, we showed the similarities as well as differences
between the SmC ∗

α and the helically ordered magnetic
films [8]. The finite size effect in both systems can be de-
scribed within the same model and yield similar results.

Inspired by the recent studies of helically ordered mag-
netic films, in this paper we report our experimental
results on the evolution of the SmC ∗

α structure in free
standing films with thickness ranging from 31 layers to
more than 400. Our data show that as the film thick-
ness decreases, the effective pitch of the helical structure
increases. In contrast to previous results [11], a buffer re-

gion with reduced twisting power was discovered next to
the surface region, and was found to be the result of sur-
face effects. Although similar results were reported in the
computational studies of the helically ordered magnetic
films [12, 13], so far to our knowledge, no experiments
have been able to demonstrate this effect. Thus our re-

sults will provide new insights into better understanding
of surface effects, especially for layered systems.

The material used for this study is antiferroelectric liq-
uid crystal (AFLC) compound 10OTBBB1M7 (C10) [14].
Bulk C10 shows a smectic-A (SmA) to SmC ∗

α transition
at 124◦C (TC). C10 was chosen for this study because
we have detailed knowledge about the temperature evo-
lution of the SmC ∗

α pitch in bulk samples from previous
resonant x-ray diffraction (RXRD) experiments, provid-
ing a reference for the results in thin films [15].

Optical parameter ∆+ (∆−) was acquired from our
null transmission ellipsometer (NTE) as a function of
temperature (T) with a weak in plane external DC field
E set to 90◦ (270◦) from the incident laser direction. E
was set to 6.25V/cm, which is just strong enough to align
the net polarization of the film without distorting the he-
lical structure or inducing electroclinic effect. Parameter
∆ measures the phase difference between the p and s

component of the incident light necessary to produce lin-
early polarized transmitted light. The light source is a
He-Ne laser with wavelength λ = 632.8nm. Free standing
films were prepared over a cover glass slide with an 8-mm
diameter hole in a temperature controlled oven with sta-
bility better than ± 15mK. Argon is used as the exchange
gas to minimize degradation of the sample. Detailed ex-
perimental set up was published elsewhere [16].

More than 40 films with different thicknesses were pre-
pared in the ellipsometer in the SmA phase. Following
the procedure described in Ref. 7, optical parameters
measured from those films at 129◦C were used in a 4 × 4
matrix method to obtain values of the principal indices
of refraction and layer spacing in the SmA phase to be no

= 1.490±0.005, ne = 1.64±0.01, and d = 3.89±0.02 nm.
Those values are later used in the same fitting procedure
to determine the thicknesses of the films studied.

Figure 1 shows the temperature evolution of the pa-
rameter ∆+ obtained in cooling from films with thick-
ness N = 41, 112, 184 and 322 layers. For this study
cooling rates from 10mK/min to 50mK/min were used.
In the SmA window (T - TC > 0), the parameter ∆+

is almost temperature independent; while in the SmC ∗

α

window (T - TC < 0), ∆+ shows oscillations, characteris-
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tic of the SmC ∗

α phase in free standing films as explained
in Ref. 10 and 11. Also, it is evident from the figure that
thicker films show more oscillations.

Before proceed to data analysis, we need to understand
the mechanism of the oscillations in ∆+. For liquid crys-
tals, surface enhanced order usually produces a surface
transition several degrees higher than the bulk transi-
tion [7, 17]. For the case of the SmA-SmC ∗

α transition,
it means several surface layers will be already tilted at
TC . However, in the SmC ∗

α phase, those biaxial surface
layers do not join in the optically uniaxial helical struc-
ture of SmC ∗

α. As the pitch of the helix evolves with
temperature, the two biaxial surfaces rotate at the same
time, producing the observed oscillations. A complete
oscillation is observed when the number of turns in the
structure changes by one [10, 11].

Since surface layers do not contribute to the formation
of the helical structure in the SmC ∗

α phase, determina-
tion of the number of surface layers is a vital step. Fig-
ure 2 (a) shows in log-log scale the ∆+-∆− measured at
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FIG. 1: ∆+(T) from films with different N. The data are
shown in the reduced temperature scale of the SmA-SmC ∗

α

transition. On the top is the chemical structure of C10.

129◦C (5◦C above TC) from films with N ranging from
2 to more than 400 layers. It has been shown that for
planar structures, ∆+-∆− is proportional to the total tilt
angle of the film [4]. In Fig. 2 (a) two distinct behaviors
can be identified. For N < 6, an almost linear increase of
∆+-∆− is observed as N increases; while for N > 6, ∆+-
∆− is almost flat. This feature clearly indicates that the
surface order can be accounted for with a surface layer
number NS = 3. Thus for the SmC ∗

α structures in free
standing films of C10, there are 3 biaxial surface layers
at each air - liquid crystal interface, with Nin = N - 2NS

layers in the interior of the film. Biaxiality due to the
incomplete helix in the interior is small compared to the
one from the surface layers.

Figure 2 (b) shows the temperatures of the minima of
the oscillations in ∆+ from a 452-layer film over SmC ∗

α

window. The temperature of each minimum was ob-
tained by a parabola fitting of the data near the min-
imum. The temperatures of the minimum locations can
be described very well with a linear function. Thus the
oscillation frequency over the temperature window con-
cerned is constant. This agrees with the results from
the RXRD data. So the oscillation behavior can be well
described by the average frequency in temperature.

Figure 3 shows the Freq.Norm./N
′

in as a function of N′

in

for films with N ranging from 31 to 452 layers [18] (N′

in

= Nin - 1, since between N layers there are N-1 rotation
angles). Frequency of the oscillation was obtained from
the temperature and number of oscillations between the
first and last discernible minimum. Freq.Norm. was ac-

FIG. 2: (a) ∆+-∆− measured at T = 129◦C from films with
thickness N ranging from 2 to more than 400 layers plotted in
log-log scale. (b) Temperatures of the oscillation minima in
the SmC ∗

α window of the 452-layer film. (c) cartoon (top) of
the SmC ∗

α structure in the bulk with pitch = 8 layers and top
view (bottom) of the proposed structure of the buffer region,
numbers are the layer index from the surface region.
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FIG. 3: (Color online) Data (symbol) and fitting with Eq.
2 (solid line) and Eq. 3 (dash line) of the Freq.Norm./N

′

in

plotted as a function of N′

in. Frequency is normalized with
the bulk value.

quired by dividing frequency of the oscillation with the
corresponding value of the bulk sample (Freq.Norm. =
Frequency/Frequencybulk) [19]. Position of each mini-
mum is again obtained from parabola fitting.

Since the number of oscillations is given by the change
of turns in the helix, frequency is proportional to the tem-
perature derivative of (N′

in/P(T)), with P(T) being the
pitch at temperature T. As a result, Freq.Norm./N

′

in is
proportional to 1/P2

eff , where the effective pitch Peff

is the average number of layers in one complete turn
of the helix. From Fig. 3, surprisingly, a decrease
in the Freq.Norm./N

′

in is observed as film thickness de-
creases. This observation is unexpected from previous
understanding of the SmC ∗

α structure, which would re-
sult in a constant average twisting power over the thick-
ness studied. The decrease in Freq.Norm./N

′

in suggests an
increase of effective pitch, i.e., a reduced twisting power
of the helix in thin films. Since this effect is more pro-
nounced in thin films, we expect surface effects and/or
finite size effects to be the reason.

To obtain further understanding and quantitative
knowledge of the results, we first constructed a simple
linear structural model. The model used is illustrated in
Fig. 4 in open symbols. In our model, we assume that at
each surface, there are NS = 3 surface layers that do not
contribute to the formation of the helix; next to the sur-
face layers, we have N′

S = a layers of buffer region with
rotation angle φa(i) smaller than the bulk value. The re-
maining part of the film (b layers, if N > 2NS + 2N′

S) is
assumed to have the bulk structure. In the buffer region,
φa(i) is assumed to increases linearly from 0 to the bulk
value φb as a function of the distance from the surface
(i), so we have < φa > = φb/2. A cartoon of the struc-
ture of the buffer region is shown in Fig. 2 (c). Thus,
the total rotation angle of the film is found to be:

φtotal =

{

(N ′

in − a)φb, for Nin ≥ 2a
(N ′

in/2)
2 ∗ φb/a, for Nin < 2a

(1)

The Freq.Norm./N
′

in is then given by [19]:

{

(N ′

in − a)/N ′

in, for Nin ≥ 2a
N ′

in/4a, for Nin < 2a
(2)

Thus, for films thicker than 2(NS + N′

S), we have the
Freq.Norm./N

′

in decreases slowly as N′

in decreases; while
for thinner films, the Freq.Norm./N

′

in is proportional to
N′

in. The data can be described very well with the above
equations as shown in Fig. 3. The best fit shown in Fig.
3 in solid line gives N′

S = 6 layers for the data. Note in
all our discussion, we assumed N > 2NS .
We can also fit the data to an exponential structural

model, with the rotation angle profile φ(i) given by φb*(1
- exp(-i/ξ)), where i is distance from the surface region,
and ξ is a characteristic length of the model. This model
is illustrated in Fig. 4 with solid symbols. Here we have

Freq.Norm./N
′

in = 1−
2

N ′

in

(
1− eN

′

in
/2ξ

1− e1/ξ
) (3)

This model produces almost identical behavior as the lin-
ear model. The best fit shown in Fig. 3 in dash line gives
ξ = 3 layers. However, as shown in Fig. 4, the linear
model gives a more straight forward estimate of the size
of the buffer region.
Our data were also analyzed with a different method.

We studied the dependence of the oscillation frequency
on N. The relation between those two quantities can be
described with a linear function, with the interception on
the thickness axis N0 = 13 layers. This result is consistent
with the previous result from fitting the data in Fig. 3
with Eq. 2. Since in our model we have< φa > = φb/2, if
we treat the whole film as only consisting of surface region
that does not contribute to the helix and interior region
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FIG. 4: (Color online) Structure of the model used in the text.
Shown in open symbols are the rotation angle φ between two
neighbouring layers of the linear model for films with Nin

greater (square) and smaller (circle) than 2a, with size of the
buffer region a = 6 in the figure. Solid red triangle shows the
φ profile of the exponential model with ξ = 3.
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that is bulk like, the two buffer region (2N′

S with < φa >)
will contribute the same φtotal as N

′

S layers with φb, thus
we will have an effective total surface thickness 2NSeff

= 2NS + N′

S = N0, namely, we should have 2NSeff = 6
+ 6 layers ≈ N0. The excellent match of the results from
two different methods suggests that the structural model
we used is a very good representation of the system.
In a recent paper [8], we demonstrated that the finite

size effects on the stability of both the SmC ∗

α phase in
AFLC and the helically ordered magnetic films can be
understood with the same phenomenological model. The
formation of the helical structure in both systems can
be viewed as the result of the competition between the
ferromagnetic (FM) nearest neighbour (NN) interlayer
interaction and the antiferromagnetic (AFM) next near-
est neighbour (NNN) interlayer interaction (for the case
of AFLC, the corresponding interactions are the ferro-
electric NN and antiferroelectric NNN interlayer interac-
tions). Due to the fact that near the surfaces, there are
fewer NNN interlayer bonds than NN interlayer bonds,
we have a reduced weight of the AFM NNN interlayer
interaction as compared to the FM NN interlayer inter-
action. As a result, near the surfaces the rotation angle
φ between the magnetic moments in neighbouring lay-
ers (for the SmC ∗

α case, φ is the angle between the tilt
direction of molecules in neighbouring layers) is smaller
compared to the interior value, i.e., near the surface re-
gion there is a tendency towards FM alignment, and the
closer to the surface, the smaller φ will be.
The above discussion provides a brief reasoning of our

model. While this structure was suggested in several
computational studies of the helically ordered magnetic
thin films [12, 13], at this moment there is no direct ex-
perimental evidence available. With the demonstrated
similarities between the SmC ∗

α phase and the helically
ordered magnetic films, our study constitutes an exper-
imental confirmation of the main computational results
reported for the magnetic system. However, the easy
preparation of smectic films with desired thickness with-
out the need of substrates makes this system experimen-
tally more accessible. Our results also demonstrate that
the properties and many different structures of AFLC
make it an excellent system for the study of surface ef-
fects and finite size effects in layered systems.
It is interesting to see from our results that the buffer

region is larger than the surface region, we have N′

S =
2NS . This suggests a strong surface induced aligning field
in liquid crystal free standing films. The aligning field in
this region is probably produced by the planar biaxial
surface layers [20]. The mechanism of this surface field
and its long effective range is beyond our work and calls
for future theoretical studies.
In summary, we studied the thickness dependent evo-

lution of the helical structure of the SmC ∗

α phase, and
discovered a large buffer region with reduced rotation an-
gle φ. This is probably due to the aligning field produced

by the biaxial surface layers. From our results, we now
have a much better picture of the structure of the SmC ∗

α

phase in free standing films. Next to the biaxial sur-
face layers at the air - liquid crystal interface that do not
contribute to the helix, there are several layers of buffer
region, in which the rotation angle φ is smaller than the
bulk value. The rest of the film shows the bulk structure.
Our results also provide a first experimental evidence of
the computational work reported for the helically order
magnetic films.
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