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Thickness-Dependent Thermal Behavior due to Molecular
Tilt Coupling Strength in Free-Standing 70.7 Thin Films

Chih-Yu Chao
Tung-Cheng Pan
Ming-Tsong Hsu
Wen-Jiunn Hsieh
Department of Physics, National Taiwan University, Taipei, Taiwan,
Republic of China

We report for the first time the thermal study near the Sm-C–Sm-I critical point
in free-standing thin films of 70.7 compound. The profiles of the Sm-C–Sm-I
heat-capacity anomalies are found to exhibit an unexpected crossover behavior
with film thickness in reduced dimensions. The data from two-layer films are
not consistent with the predictions of two-dimensional melting theory. Our results
also provide evidence in support of the recent theory proposed by Defontaines and
Prost. Moreover, we confirm the existence of a surface hexatic Sm-L phase in 70.7
films of less than eight layers whose phase sequence is however dramatically
different from that observed in the thicker films.

Keywords: electron diffraction; high-resolution ac calorimetry; reduced dimensions;
Sm-C–Sm-I phase transition; smectic free-standing liquid-crystal thin films; tilt-induced
bond-orientational order

Some smectic phases, known as hexatic, possess a long-range
orientational order of the bonds (the lines connecting neighboring
molecules), but only short-range positional order. The molecules can
be either perpendicular to the layers (hexatic-B), or tilted with respect
to the normal to the layers (smectic-I and smectic-F) [1]. The vector
characterizing the direction in which the molecules are tilted points
towards the closest molecule in the smectic-I (Sm-I) phase, and
between the two closest molecules in the smectic-F (Sm-F) phase.
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A new hexatic smectic-L (Sm-L) phase, in which the tilt direction lies
along an intermediate angle between 0� and 30� from a local bond, has
also been theoretically predicted [2] and suggested in some experi-
ments [3–5]. To date, this hexatic Sm-L phase was identified only
in films of 5-(400-hexyl, 30-fluoro-p-terphenyl-4-oxy)-pentanoic acid
ethyl ester (FTE1) by electron diffraction (ED) [6].

For the tilted hexatic phases, theory [7] predicts that the coupling
between the bond-orientational (BO) order in the Sm-I and the molecu-
lar tilt in the smectic-C (Sm-C) phase has a profound effect on the nat-
ure of the tilted liquid-hexatic transition by inducing BO order in the
Sm-C phase and formally destroying the Sm-C–Sm-I phase boundary.
This prediction has been supported by X-ray [8] and heat-capacity (Cp)
[9] studies in 4-(2-methylbutyl)-phenyl-40-(octyloxy)-(1,10)-biphenyl-4-
carboxylate (8OSI), which exhibits a continuous Sm-C-Sm-I evolution.
In this Cp experiment, Yao and Garland et al. [9] have reported that
the occurrence of intrinsically rounded and asymmetric Sm-C–Sm-I
Cp peak found in 8OSI is due to the existence of a finite coupling
between the BO order and molecular tilt ordering, and predicted a
sharp and symmetric Cp peak to appear in the absence of a coupling
field to the BO order. More recently, theory by Defontaines and Prost
(DP) [10] predicts that the Sm-C–Sm-I transition is similar to that of
a liquid-gas transition, with a first-order line ending in an isolated
critical point. There can be either a first-order transition between
Sm-C and Sm-I or no thermodynamic phase transition, but a supercri-
tical evolution of both BO order and tilt in a single phase. The existence
of the critical Sm-C–Sm-I point has been established by calorimetry
experiments in a racemic mixture of 8OSI and its analog [11] and
by X-ray experiments, carried out on binary mixtures of terepthal-
bis-decylaniline (TB10A) and 4-n-decyloxy biphenyl 4-(20-methylbutyl)
benzoate (C10) [12]. The X-ray result has shown that the critical expo-
nents near the Sm-C–Sm-I critical point are comparable to the values
for new universality class predicted by DP. In the other words, the light
scattering study [13] have shown that the coupling between BO order
and tilt is smaller by a factor of 102 in 8SI than that in 8OSI, which sup-
ports that the observed Cp peak in pure 8SI [11] is quite sharp and
symmetric. However, the thermal critical exponent obtained in 75%
8OSI mixture in the path of approach to the Sm-C–Sm-I critical point
is found to be 1.06 � 0.08 [11], which corresponds to a mean-field value
rather than the value associated with the DP’s new universality
class. The first calorimetric study to date of the Sm-C–Sm-I in
thin free-standing films has revealed that the surface Sm-C–Sm-I Cp
peak is seriously rounded although it is somewhat symmetric in
thin films of p-decyloxybenzylidene-p-amino-2-methylbutylcinnamate

148=[1392] C.-Y. Chao et al.
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(DOBAMBC), and in 4- and 12-layer films of 8OSI [14]. Such a round-
ing in the Cp anomaly not only gives fairly poor fitting to a power-law
expression but also yields much difficulty to determine whether the
Sm-C–Sm-I Cp profile is symmetric or asymmetric. However, there
have been relatively few studies in thin films after that in the past.

The compound of 4-n-heptyloxybenzylidene-4-n-heptylaniline (70.7),
which does not possess any hexatic phase in the bulk, exhibits a rich
array of tilted hexatic behavior in free-standing films [15]. Films of
six layers or less in the Sm-C phase undergo transition upon further
cooling to films with with Sm-I surfaces and a Sm-C interior [16,17].
There was no evidence of induced BO order found in the Sm-C phase
by the molecular tilt. However, we recently showed that that free-
standing 70.7 films of 8 to 25 molecular layers possess a distinct tilted
smectic-C0 (Sm-C0) phase sandwiched between a Sm-I surface layer
and an orthogonal liquid interior [18]. This Sm-C0 phase in 70.7 is a
novel tilted liquid with hexaticlike positional correlations but no
long-range BO order. Its behavior appears to be intermediate between
that in 8OSI, where strong coupling between the tilt and BO orders
results in the Sm-C phase being hexatic like [8], and that in FTE1,
in which the orientations of the tilt and hexatic orders can be
uncoupled [6,8]. Thus, thin free-standing films of such compound
70.7 represent a unique system with which to study the nature of
the Sm-C–Sm-I critical point and the behavior of the Sm-C–Sm-I
transition as a function of film thickness (reduced dimensionality).
We have conducted high-resolution Cp measurements near the
Sm-C–Sm-I phase transition of thin free-standing 70.7 films and struc-
tural measurements using ED to identify the phases of these films.
The profiles of the Sm-C–Sm-I Cp anomalies exhibit an interesting
crossover behavior in reduced dimensions. The Cp peaks are found
to be asymmetric in the thicker films, transforming to symmetric in
films less than eight molecular layers. The sharp and slightly asym-
metric Cp peak observed in the 8-layer film near the Sm-C–Sm-I
critical point can be well fitted by a simple power-law expression with
thermal critical exponent about 0.50, which is different from the value
obtained in the previous thermal experiments of the near-critical 8OSI
mixtures [11] but in turn is in agreement with the theoretical predic-
tion by DP [10]. Furthermore, our ED has shown the existence of a
surface Sm-L phase involving in the surface-freezing transitions in
70.7 films less than eight layers, that is however distinctly different
from the phase-transitional sequence observed in thicker films.

Our experimental techniques for making Cp [19] and ED [20] mea-
surements have been described elsewhere. The free-standing 70.7
films were drawn at about 80�C over a hole, with a diameter of

Thickness-Dependent Thermal Behavior 149=[1393]
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8 mm for Cp measurements and 1 mm for ED measurements. The elec-
tron-beam diameter used in this study was about 10 mm. The exact
number of smectic layers N in our films was determined by optical
reflectivity [21]. We have studied in detail the structures of free-stand-
ing 70.7 films between 2 and 10 layers. For N� 8, the observed phases
and transition sequence are still consistent to those of our previous ED
study in 70.7 thicker films [18]. However, in films of thickness between
3 and 7 layers, our ED experiments reveal that the interior smectic-A
(Sm-A) liquid ring disappears and the typical variety of diffraction
patterns observed on cooling from the Sm-C phase is illustrated in
Figure 1 for a six-layer film. The diffraction pattern above 77.8�C,

FIGURE 1 Electron-diffraction pattern from a six-layer film of 70.7 at (a)
78.5�C, (b) 77.0�C, (c) 74.0�C, and (d) 64.5�C.

150=[1394] C.-Y. Chao et al.
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shown in Figure 1(a), consists of a diffuse ring acquiring an additional
twofold intensity modulation characteristic of oriented Sm-C ordering
in the probed region. Upon further cooling, the diffraction pattern
shown in Figure 1(b) was observed between 77.8�C and 76�C. The tran-
sition at about 77.8�C is characterized by an enhancement of the
in-plane positional order on the surfaces while the interior remains
in the Sm-C phase. The radial scan of the intensity taken at 77�C,
shown in Figure 2, reveals the coexistence of a broad Lorentzian func-
tion with a positional correlation length of 10.2 Å, which is consistent
with a liquidlike Sm-C interior, and a narrow square-root Lorentzian
function with a positional correlation length of 56.5 Å, which is typical
of that found in a hexatic phase [22]. The presence of two strong, shar-
per arcs superimposed on the diffuse Sm-C ring suggests that the film
surfaces are in the Sm-I phase. We note that the angular width of the
sharper arcs in Figure 1(b) is somewhat broader than expected for
a single-domain hexatic. Optically, we found that the film displays
3-mm-wide bands in which the director splays continuously, separated
by disclination lines. The Sm-I arcs are most likely broadened by the
finite range of bond orientations within the 10-mm electron beam.

FIGURE 2 Diffraction intensity as a function of the in-plane radial wave
vector qk for a six-layer 70.7 film at 77.0�C, normalized by the wave vector
qo corresponding to the average nearest-neighbor spacing. The solid line is
the fit to a sum of a broad Lorentzian function (dashed curve) and a narrow
square-root Lorentzian function.

Thickness-Dependent Thermal Behavior 151=[1395]

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
9:

09
 2

2 
A

ug
us

t 2
01

2 



We also measured the Cp of these films near this surface Sm-C–Sm-
I transition on successive cooling and heating runs. Figure 3 displays
the temperature dependence of the Cp for 70.7 films of different layer
thickness upon cooling. The observed Cp anomaly for N < 8 in Figure
3 relates to the surface Sm-C–Sm-I transition, whereas the Cp peak
for N� 8 corresponds to a transition where the surface layers undergo
the Sm-C–Sm-I transition and the several adjacent-to-surface Sm-C
layers being immediately induced some hexatic like order from the

FIGURE 3 Heat-capacity data from 2- and 7-layer 70.7 films near the surface
Sm-C–Sm-I transition and from 8-, 9-, and 10-layer films near the Sm-C–Sm-
I(surface)=Sm-C0(interior) transition. For visual clarity, the heat-capacity data
of 8-, 9-, and 10-layer films have been reduced by a factor of 3, 3, and 4,
respectively and the 2-layer data set has been shifted by �0.9�C.

152=[1396] C.-Y. Chao et al.
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Sm-I surface transform into the Sm-C0 phase. The transition tempera-
ture is not changed as the films become thinner except for a slightly
increase in the two-layer film. Unlike the previous thermal study of
the Sm-C–Sm-I transition in thin free-standing films [14], in which
a noticeable rounding of the Cp anomaly was found in the surface
transition, the surface anomaly in 70.7 is found to remain reasonably
sharp in films down to two layers. The profiles of the Sm-C–Sm-I Cp
anomalies exhibit an interesting crossover behavior in these thin
films. In Figure 3, we find that the Cp peak is asymmetric for
N > 8, but becomes quite symmetric for N� 8. The Cp profile of the
thinner films (N� 8) appears to be a little narrower compared to that
of the thicker films (N > 8). The crossover occurs at the 8-layer film
whose detailed and enlarged Cp data are shown in Figure 4, in which
a slightly asymmetric Cp profile is found. Interestingly, our Cp data in
70.7 films of different layer thickness are quite similar to those found
in the previous bulk experiments in 8OSI and its racemic mixtures of
different concentrations [11]. It should be noted that the Cp profile for
N > 8 is still reasonably sharp, not like the rounded Cp anomaly
observed in the pure 8OSI bulk [11]. The reason may be due to the
reason that the coupling between the BO order and molecular tilt in
70.7 films is smaller than that in 8OSI. However, we believe that

FIGURE 4 The fittings of the heat-capacity anomaly of the 8-layer 70.7 film
to a simple power law are shown as solid lines and yield critical exponent
a ¼ 0.51 � 0.03.

Thickness-Dependent Thermal Behavior 153=[1397]
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the asymmetry in Cp anomaly in 70.7 films for N� 8 could be still due
to the formation of coupling between the BO and tilt orders, because
there is possibility that the interior tilt-induced Sm-C0 phase is the
result of powder diffraction from a multidomain Sm-I spatially aver-
aged by the electron beam of diameter 10 mm. Furthermore, the fact
that the bulk Cp behaviors associated with the Sm-C–Sm-I
transition [9,11] can be similarly found in thin free-standing films
may be due to the presence of more tilted surface layers provides
stronger surface interactions to suppress the finite-size fluctuations
and stabilize the thin films [23]. However, the reason for the disap-
pearance of the coupling between the BO order and the tilt in Sm-C
phase for N < 8 could be due to the expected increased fluctuations
by the reduced dimensionality in thinner films. The fact that the Cp
peak for N < 8 expected to be very sharp based on the observations
of the previous experiments [11] appears to be only reasonably sharp
may be due to the influence of the finite-size rounding effect. The
unique crossover phenomenon in the Cp profiles in thin free-standing
70.7 films illustrates the competition among surface interactions,
low-dimensional fluctuations, and the coupling strength between BO
and tilt orders.

To examine whether the Cp anomaly may be affected by the weakly
first-order nature of the transition due to weaker coupling strength
between the BO order and molecular tilt in 70.7 films, we have conduc-
ted detailed thermal hysteresis studies. From repeated runs using
different films, we obtained the same Cp profiles on cooling and heat-
ing runs of about 3–5 mK=min. Based on an upper-limit estimation, we
found thermal hysteresis of 100 and 70 mK for the transitions associa-
ted with the thinner (N < 8) and thicker films (N� 8), respectively.
Hence both of the Sm-C–Sm-I (N < 8) and Sm-C–Sm-I(surface)=Sm-
C0(interior) (N� 8) transitions are at most weakly first order. Thus
the observed change in Cp profile from asymmetric to symmetric one
with decreasing film thickness appears to be an intrinsic phenomenon
unrelated to the slightly first-order nature of the transition. Moreover,
the width of the two-phase coexistence region for N < 8 is estimated to
be no larger than 55 mK by taking closer examinations on the vicinity
of the Cp peaks. The Cp data of the 8-layer film, shown in Figure 4,
indicate a coexistence region smaller than 25 mK. For those 9- and
10-layer films, we found that there is no indication of two-phase
coexistence. In these films, the reasonably sharp Cp profiles are
smoothly rounded near the peak vicinity of 20 mK or less. To under-
stand the behavior of the Sm-C–Sm-I critical point, we have fitted
Cp data of the critical 8-layer film thickness using a simple power-
law expression and yielded a very good fit with the critical exponent

154=[1398] C.-Y. Chao et al.
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a ¼ 0.51 � 0.03, as shown in Figure 4. This result here represents the
first thermal experiment that the value of critical exponent a in the
vicinity of the Sm-C–Sm-I critical point is close to 0.5, in good agree-
ment with the value for new universality class predicted by DP. We
also found that the measured two-layer film anomaly is much larger
than expected based on the present theory of two-dimensional (2D)
melting [24], suggesting that the creation of BO order cannot be
solely responsible for such a large anomaly and that some other type
of molecular order must also be created through the Sm-C–
Sm-I transition.

Upon further cooling to about 76�C, the film undergoes another sur-
face transition, giving a diffraction pattern shown in Figure 1(c), in
which two pairs of sharper arcs of different intensity are superimposed
on the diffuse Sm-C modulated ring. A v scan around the diffraction
circle, as shown in Figure 5(a), reveals two pairs of uneven hexatic
arcs 60� apart and a broad, twofold Sm-C background. It has been
suggested [25] and confirmed by numerical simulation [26] that the
in-plane diffraction pattern of the Sm-L phase is characterized by
three pairs of arcs of different intensity. Thus Figure 1(c) signifies
the existence of Sm-L surface layers on top of the Sm-C interior.
Optically, previous study [4] has shown that uniform stripes coexisting
with Sm-C-like director fluctuations in the background were observed
in 70.7 films, that is in roughly the same temperature range in which
the diffraction pattern in Figure 1(c) was observed. Hence our ED
structural data in 70.7 films once again support the earlier suggestion
that the stripes are due to the existence of a surface Sm-L phase [4,6].
However, our ED data are not in agreement with those in earlier X-ray
experiments [16,17] in that the 70.7 films of six layers or less have not
revealed any evidence for the existence of the Sm-L phase. The dis-
crepancy is probably due to the reason that the original X-ray phase
identification was based primarily on radial scans, thus there is some
uncertainty that the surface phase is really Sm-I [4]. The v-scan inten-
sity after subtraction of the interior Sm-C contribution is shown as a
function of temperature in Figure 5(b). The gradual shift in the inten-
sity ratio of the two adjacent arcs on cooling suggests a continuous
change of the tilt direction of the Sm-L surfaces from Sm-I-like to
Sm-F-like, as expected theoretically [2]. It should be mentioned that
no Sm-L phase was observed in the two-layer film in our ED experi-
ments. This observation is consistent with that in FTE1 where no
stripe phase was observed in two-layer films [27]. Finally, at around
66�C, the entire film transforms into the Sm-F phase, characterized
by a diffraction pattern with two pairs of arcs of equal intensity,
as shown in Figure 1(d). Upon further cooling, we found that no

Thickness-Dependent Thermal Behavior 155=[1399]
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crystallization transition into the crystal-B (Cry-B) phase at a lower
temperature was observed in films of N < 8, whose phase sequence
is quite different from that in films of the same compound of N� 8
in which multiple-step freezing transitions lead to the transformation
of these films to the Cry-B phase [5,18,28]. We believe the suppression
of the Cry-B phase in thinner films (N < 8) is due to the possibility
that the Cry-B phase in 70.7 is intrinsically unstable with respect to
tilted hexatic phase and that a relatively small decrease in the dimen-
sionality of the films is sufficient to drive a transition from Cry-B to
tilted hexatic phases [23]. Nevertheless, the fact that our Cp data
reveal the increased fluctuations by the reduced dimensionality for

FIGURE 5 (a) Angular v scan of diffraction intensity for a six-layer film at
74.0�C. (b) Diffraction intensity along a v scan for a six-layer film at various
temperatures after subtraction of the background Sm-C contribution.

156=[1400] C.-Y. Chao et al.
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films of N < 8 could also explain the suppression of Cry-B phase in the
thinner 70.7 films (N < 8) and the reason for the unusual occurrence of
dramatically different phase sequences observed in the thinner
(N < 8) and thicker (N� 8) 70.7 films. Furthermore, the reason for
the unusual occurrence of the surface Sm-L phase only in the thinner
films (2 < N < 8) can also be explained by the absence of coupling
between the surface BO and interior tilt orders in these films, resulting
in a fairly weak interaction between the two surfaces, and thus the mol-
ecular director is not constrained to be uniform through the film [4].

We report for the first time the detailed thermal study near the Sm-
C–Sm-I critical point in free-standing thin films of 70.7 compound, and
find the profiles of the Sm-C–Sm-I Cp anomalies exhibit an unexpec-
ted crossover behavior with film thickness in reduced dimensions.
The sharp and slightly asymmetric Cp peak of the 8-layer film near
the Sm-C–Sm-I critical point can be well characterized by a simple
power-law expression. The obtained thermal critical exponent is
in good agreement with the theoretical prediction by DP [10]. Our
data also represent another structure evidence for the existence of
the surface Sm-L phase in the thermotropic liquid-crystal system after
the FTE1 and support the theoretical prediction [2] that, under some
circumstances, a 2D tilted smectic liquid-crystal film can undergo a
two-step transitions from the Sm-I to Sm-F phases via an intermediate
hexatic Sm-L phase.
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