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Ellipsometric study of freely suspended smectic films of a partially fluorinated compound
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High-resolution ellipsometric studies have been conducted on freely suspended films of a chiral, partially
perfluorinated liquid-crystal compound near its smectic-A–smectic-C transition. The surface-enhanced transi-
tion is unusually close to the bulk transition temperature. Moreover, in the ferroelectric smectic-C phase an
unexpected tilt direction inversion with respect to the direction of an applied electric field is found in films
thinner than about 20 layers whereas it does not occur in thick films.@S1063-651X~97!51005-1#

PACS number~s!: 61.30.Eb, 64.70.Md, 68.10.Cr
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Thermotropic liquid crystals are prime examples of s
tems possessing enhanced surface order. Correspondin
perimental studies are frequently carried out using freely s
pended films which can be prepared from smectic~i.e.,
layered! liquid-crystal phases. Freely suspended films~for
recent reviews see@1,2#! consist of an integral number~be-
tween several thousands and only two! of molecular smectic
layers, the layer planes being parallel to the two free s
faces. The surface-enhanced order becomes apparent ne
phase transitions between different smectic phases:
proaching a phase transition from the high-temperature s
the surface layers of freely suspended films transform
the more ordered phase several degrees above the bulk
sition temperature.

For most types of smectic transitions, the temperature
ference between the surface transition and the correspon
bulk transition is within a range from 5 to 10 K~the values
also vary, for a given type of transition, from compound
compound! @3#. The largest effect is observed for th
smectic-A (Sm-A) –smectic-C (Sm-C) transition. These
phases are the least ordered smectic phases: each laye
be regarded as a two-dimensional liquid, the mean direc
of the long molecular axis being either parallel (Sm-A) or
tilted (Sm-C) with respect to the layer normal. When
freely suspended film is cooled from the Sm-A to the Sm-
C phase, the surface layers become tilted at a tempera
usually 10 to 20 K above the bulk transition temperatu
@4,5#.

A recent heat capacity study@6# of the partially
fluorinated compound H10F5MOPP~5-n-decyl-2-@4-
n-~perfluoropentylmethyleneoxy!phenyl#pyrimidine! yielded
an indication of a surface Sm-A–Sm-C transition being situ-
ated unusually close to the bulk transition. The magnitude
the heat-capacity anomaly associated with the surface
A–Sm-C transition may be so small that even with our hig
resolution calorimetric system we might not be able to de
it. Consequently, it is essential to give an independent ch
of this important observation with another experimen
probe. High-resolution ellipsometry which measures the
tical tilt angle, the order parameter associated with this tr
sition, is one of the powerful tools.
551063-651X/97/55~5!/4885~4!/$10.00
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Ellipsometry enables us to directly measure changes
the direction of the optical axis resulting from the molecu
tilt even in two-layer films @4#. In this paper, we re-
port high-resolution ellipsometric measurements of fre
suspended films of one perfluorinated compound@4-methyl-
hexyloxybenzoate~4-n-perfluoropentyl!methyleneoxyphenyl,
4M6OBF5MOP# possessing a structure similar
H10F5MOPP. We had to choose the former compound
cause, as described below, our experiment requires a sa
which exhibits a spontaneous polarization in the SmC
phase. Thus the compound had to be chiral. Our data y
that the surface-enhanced transition temperatureTS of
4M6OBF5MOP is only about 2 K above the bulk transition
temperatureTB . An explanation for the plausible relatio
between the magnitude ofDT5TS2TB and the surface ten
sion will be given. Furthermore, for a film thickness thinn
than 20 layers, 4M6OBF5MOP films display an unusual
versal behavior: an unexpected tilt direction inversion w
respect to the direction of an applied electric field is foun
This feature is not observed in thick films.

The molecular structure of 4M6OBF5MOP is shown
top of Fig. 1. The bulk transition temperatures are: SmC
63 °C Sm-A 100 °C isotropic. Freely suspended films a
drawn in the Sm-A phase using a rectangular variabl
surface frame described in@1#. The area of the films is ap
proximately 5310 mm2. Details about our ellipsometric
set-up can be found in@7#. We determine the parametersD
andC which have the usual meaning@8# and describe the
polarization of a laser beam (l5633 nm! which transmits
the film at an angle of incidence of 45°.

The values ofD andC measured at zero tilt enable th
determination of the film thicknessN ~number of smectic
layers! as described in@7#. Further, the value ofD is directly
related to the amount and direction of a tilt of the optical a
of the film @7#. A weak dc electric field~8 V/cm! is applied
along the film plane in order to predetermine the direction
the molecular tilt in the Sm-C phase@9#. In our experimental
geometry, the molecules tilt within the plane of incidenc
depending on the field polarity, either away from or towar
the incident laser beam giving rise toD1 andD2 , respec-
tively. Usually, one finds for a given filmD1,DA,D2 with
DA being the value measured in the Sm-A phase@5,7#.
R4885 © 1997 The American Physical Society
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Figure 1 shows the temperature dependence ofD1 and
D2 for a 70-layer 4M6OBF5MOP film. ForT.64.5 °C, we
find D15D2 , i.e., above this temperature the tilt angle
zero throughout the film. At 64.5 °C the surface transiti
takes place andD1ÞD2 , i.e., the direction of the optica
axis of the film depends on the sign of the applied dc fie
This indicates a finite tilt of the mean direction of the lon
axis of the molecules. Around the bulk transition temperat
(62.5 °C!, a large increase in the difference betweenD1 and
D2 takes place indicating that now all layers of the fil
become tilted. Similar results are obtained from a 55-la
film.

Qualitatively, the behavior described above f
4M6OBF5MOP is similar to other Sm-A–Sm-C compounds.
The unusual feature is the small temperature difference
tween the surface and the bulk transition. For example
thick films (N>10) of the compound DOBAMBC, the sur
face Sm-A–Sm-C transition is enhanced by about 17 K@4#.
However, for thick 4M6OBF5MOP films the enhancemen
only 2 K. A plausible explanation for this significant diffe
ence will be given later.

Figure 2 shows some typical experimental results
tained from thin films (N517, 10, 4, and 3!. For N>10,
similar to the thick film result, the surface enhanced tran
tion occurs around 64.5 °C. Upon decreasing temperatur
contrast to the monotonic behavior ofD1 andD2 found in
thick films, an unusual reversal behavior is found in t
surface-enhanced Sm-C order of thin films. The applied dc
electric field which produces a tilt direction away from th
incident laser beam (D1) for the 70-layer film~see Fig. 1!,
produces an opposite tilt direction for films withN,20.
Then in the vicinity of the bulk Sm-A–Sm-C transition tem-
perature, a reversal betweenD1 andD2 is found. Similar to
other transitions between the smectic phases found in fr
suspended films, further enhancement in the surface tra
tion temperature is found in four- and three-layer film
Moreover, the crossing betweenD1 andD2 occurs at lower
temperatures. At a sufficiently low temperature, all films d

FIG. 1. Temperature dependence ofD1 (d, tilt away from in-
cident laser beam! andD2 (s, tilt towards incident beam! for a
70-layer film of 4M6OBF5MOP~the molecular structure is show
on the top!. The inset shows the behavior around the surface tr
sition at 64.5 °C.
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play the same relation between tilt and field direction as
one for thick films. These experimental results strongly s
gest that the reversal phenomena ofD1 andD2 in films with
N,20 is related to the surface effect. Further experimen
work is necessary to get a better understanding of this no
reversal phenomenon.

Since the relation between directions of tilt and elect
field is determined by the sign of the spontaneous polar
tion PW s @10#, the inversion of the tilt direction at a given fiel
direction may be described as a sign inversion ofPW s , a phe-
nomenon, which is known@11# to occur in some unique bulk
liquid-crystal compounds. A recent study@12# has shown
that such a sign inversion also occurs in freely suspen
films of one of the compounds regardless of the film thic
ness which ranged from 3 to nearly 100 layers. We belie
that the origins of sign inversion of such compounds a
4M6OBF5MOP are different, because the latter compou
only exhibits the inversion in thin films, but not in thic
films.

We have found that in very thin films (N,10) the occur-
rence of the inversion is sensitive to the experimental con
tions. The inversion was only observed in freshly load
samples and disappeared if the sample remained on the
plate for more than two days at elevated temperature.~The
oven is not vacuum tight.! In the latter case, the relatio
between electric field and tilt direction is the same as tha
the thick film over the whole temperature range. We ha
further observed that thePW s inversion temperature coincide
sometimes only approximately in both runs~one for each
field polarity! of a given film~see Fig. 2,N510). This effect
may be related to the thermal degradation of the sample
we do not have a conclusive explanation for it. For thic
nesses between 20 and 40 layers we found it extremely
ficult to achieve a homogeneous alignment of the tilt dire

- FIG. 2. Temperature dependence ofD for various thicknesses
(N gives the number of layers! of 4M6OBF5MOP films;d: same
field polarity as theD1 data in Fig. 1,s: same field polarity as the
D2 data in Fig. 1. Around 63 °C (N517,10), 62 °C (N54),
and 61 °C (N53) a spontaneous inversion of the tilt direction
observed.
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tion by the external field. An example is given in Fig.
which shows the result from a 21-layer film. The inversion
PW s is discernible but the tilt alignment is rather poor. Dire
optical inspection of such a film reveals the presence o
schlierentexture indicating that the magnitude ofPW s is not
sufficient to obtain a homogeneous alignment by a weak
field. We varied the field strength ranging from 4 V/cm to
V/cm and failed to get good alignment. Larger fields can
be used due to the onset of electroconvective flow in
film.

Table I gives the temperatures of the Sm-A–Sm-C bulk
(TB) and surface (TS) transitions for various compound
studied in freely suspended films. The values ofTS are for
films thicker than 10 layers for whichTS does not depend on
the film thickness~whereas in thinner filmsTS increases with
decreasing thickness!. It is obvious that the two fluorinated
compounds show by far the smallest difference (TS2TB).

In liquid crystals, it has been demonstrated that a m
ordered phase will usually establish at the free surface
direct indication of this phenomenon isTS.TB for many
different types of smectic phase transitions. The physical
gin of the surface stabilization is obviously not related to
detailed structures of the phases involved. Theoretical m
els @13,14# of freely suspended films use the surface tens
g in order to take the effect of the two free surfaces in
account. Forg.ABK (B andK being the elastic constant
for compression and bending of the smectic layers! a damp-
ing of the fluctuations of the smectic layer displacements
expected near the surface which may result, near a p
transition, in the occurrence of a more ordered phase at
surface at temperatures above the bulk transition tempera
@14#.

FIG. 3. Temperature dependence ofD for a 21-layer film of
4M6OBF5MOP; thed and s symbols designate the same fie
polarities as in the preceding figures.

TABLE I. Bulk (TB) and surface (TS) smectic-A–smectic-C
transition temperatures

Compound TB (°C! TS (°C! TS2TB ~K!

DOBAMBC @4# 95 112 17
MHPOBC @5# 120 135 15
MBOOBC @5# 41 51 10
H10F5MOPP@15# 75 76 1
4M6OBF5MOP 63 65 2
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Experimental measurements ofg have shown that fluori-
nated compounds possess distinctly smaller values og
(g514 dyn/cm for H10F5MOPP@15#! compared to non-
fluorinated compounds~which showg values between 20
and 30 dyn/cm@16,17#!. Furthermore, recent x-ray studie
@18# of the fluctuations in freely suspended films of a fluo
nated compound similar to H10F5MOPP have shown t
the fluctuation profile across the film of such a compound
different from that of an nonfluorinated compound. For t
nonfluorinated compound a considerable damping of
layer displacement fluctuations near the surface was fo
@19#, whereas even a slight enhancement of the fluctuati
near the surface was observed for the fluorinated compo
@18#. The results of the present study, i.e., the small tempe
ture difference betweenTS andTB , fit well to these obser-
vations and lead to the conclusion that the free surface
fluorinated liquid-crystal compounds has, compared to n
fluorinated compounds, only a small ordering effect beca
of the low surface tension.

The influence ofg on the surface transition temperatu
can be described by a simple Landau model if one add
coupling betweeng and the square of the tilt angleu2 to the
Landau free energyg. A linear coupling term would not
make sense since the surface does not prefer a certain d
tion of the molecular tilt. In its simplest form,g then reads

g5g01
1
2a~T2TB!u21 1

4bu42Cgu2. ~1!

Here,TB is the Sm-A–Sm-C bulk transition temperature,C
describes the strength of the coupling betweeng andu, and
a andb are positive constants. The introduction of thegu2

coupling shifts the transition temperature and one obtain
surface transition temperatureTS

TS5TB1
2Cg

a
. ~2!

The g values of fluorinated compounds are typically abo
one half of those of nonfluorinated compounds and acco
ing to Eq. ~2! one expects a corresponding reduction of t
difference (TS2TB) by 1/2 ~provided that there is only a
minor variation ofC anda). We are presently looking for a
quantitative check of the prediction of Eq.~2!.

The sign inversion ofPW s , which was observed in the
present study in thin films, has been observed in b
samples of several liquid crystals~see references in@12#!. A
recent study@12# of one of these compounds in freely su
pended films has shown that thePW s inversion occurs also in
thin films, the inversion temperature decreasing with d
creasing film thickness. This shift of the inversion tempe
ture is observed also in very thin films of the present stu
~see Fig. 2! and may result from the reduced dimensional
in very thin films as is discussed in@12#.

ThePW s inversion indicates a change~with temperature! of
the average direction of the permanent molecular dipole m
ment and may result from molecular conformation chan
@20# and/or changes of the potential of the molecular rotat
around its long axis@21#. In any case, the magnitude ofPW s
~below and above the inversion temperature! in such a com-
pound is small, indicating that the average direction of
molecular dipole is close to the tilt plane defined by the la
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normal and the molecular long axis. In the case that
dipole direction is exactly parallel to the tilt plane, one wou
find Ps50. Thus, small external distortions may be able
move the dipole direction to the other side of the tilt pla
resulting in a sign inversion ofPW s . The results of the presen
study indicate that such a distortion may be produced n
the film surfaces.

Since we do not observe thePW s inversion in thick films,
the presence of one free surface alone is obviously not
ficient for a corresponding change of the mean dipole dir
tion. According to our results, the influence of the seco
surface becomes relevant in the thickness range betwee
and 40 layers. The difficulty to achieve a tilt alignment
the external field in this thickness range indicates that
magnitude ofPW s must be rather low, i.e., the mean dipo
direction is almost within the tilt plane. These findings a
thePW s inversion observed in thinner films show that the m
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lecular conformation and the resulting mean dipole direct
of 4M6OBF5MOP is very sensitive to the spatial confin
ment of the sample. The chiral center, which is the molecu
origin of PW s , is situated in the flexible alkyl chain, far from
the aromatic core. It is quite reasonable to assume that
fact alone sufficiently explains the sensitivity to spatial co
finement. The role of the fluorinated alkyl chain in this r
versal behavior is not clear. Further work is needed to fi
the origin of such behavior.
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