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We report measurements of the interaction between surfaces of the presmectic membrane above the tem-
perature of transition to the phase without layer ordering. Investigations were performed employing cholesteric
droplets embedded in the membrane in the temperature range of thinning transitions. Upon heating, the
difference between the membrane tension and surface tension of the bulk sample decreases sufficiently, which
leads to membrane instability. After the thinning transition, the membrane returns to a stable state with a larger
value of surface interaction.
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Competition between surface and bulk behavior leads to
unusual physical properties of free-standing smectic mem-
branes �1,2�. Smectic layers in membranes are parallel to the
free surfaces. Every layer is a two-dimensional �2D� fluid
formed by elongated molecules. In the smectic-A�SmA�
phase, long molecular axes orient perpendicular to the layer
plane, while in the smectic-C�SmC�-type phases, long mo-
lecular axes tilt with respect to the layer normal. High struc-
ture quality, possibility to prepare membranes with exact
numbers of smectic layers �from two to more than a thou-
sand� make these membranes very suitable objects for inves-
tigations of surface effects, 2D phenomena, and phase tran-
sitions in confined geometry �1,2�.

In 1994 Stoebe, Mach, and Huang �3� found layer-by-
layer thinning transitions of smectic membranes. This
phenomenon is one of the most prominent demonstrations
of the competition between surface and bulk behavior. Above
the bulk SmA-isotropic �I� transition temperature Tb, mem-
branes do not melt. Smectic ordering is retained up to the
temperature TN�Tb at which membrane thickness decreases
by one layer. TN increases with decreasing membrane
thickness so with heating the membrane undergoes the
step-by-step thinning transitions. Since the pioneering
paper of Stoebe et al. �3�, in the past decade, this phenom-
enon has been intensively investigated both experimentally
�4–11� and theoretically �12–19�. It was established that
thinning transitions are typical in membranes consisting of
materials with phase transitions between smectic structures
and phases without layer ordering. Thinning was observed
for different low temperature smectic structures �SmA, SmC,
ferroelectric SmC*� and high temperature nonlayered phases
�nematic, cholesteric �N*�, I�. Thinning transitions are
possible due to the surface ordering effect. Above the
bulk transition temperature, the formation of smectic layers
was observed on the free surface �20� and near the solid
substrate �21�.

Theories based on de Gennes presmectic
�14–16,18,19,22�, density-functional �13�, and McMillan
�12,17� models were used for quantitative description of the
membrane structure, temperature dependence, and the

mechanism of thinning. According to the presmectic model
�14,15�, the free energy exhibits a sequence of metastable
minima for the smectic state at all temperatures. However,
upon heating at some critical temperature, which depends on
the thickness, the membrane becomes unstable. Instability
arises from the small value of the smectic order parameter in
the middle plane of the membrane. In an unstable regime, the
compression modulus tends to zero and the large elastic de-
formation is located in the central layers, which allows
the membrane to decrease its thickness through the nucle-
ation of the dislocation loops. According to the modified
presmectic theory �16,18,19�, a maximum temperature TCN
exists above which the discrete free-energy wells vanish for
films with N�NC. This temperature is the upper limit
for thinning transition. Both in phenomenological presmectic
and other models, the instability of the layer structure and
its stabilization after thinning are related to the change of
membrane energy upon heating—more precisely, to the
change of the membrane tension. Theories predict the change
of surface interaction in membranes upon approaching and
throughout the thinning transition. Although the surface
interaction energy constitutes a small part of the membrane
tension, it is essential for the behavior of membranes
and their physical properties. In recent years, the interaction
of surfaces was shown to play a crucial role in wetting
phenomena, stability of films, and their behavior in an exter-
nal field �23�.

In this paper, we report the measurements of the surface
interaction in the membrane, namely, the difference between
the membrane tension �N and the tension of the bulk sample
�b�b=2�, � is the surface tension� in the temperature range
of membrane instability and thinning transitions. We found
that ��N−�b� /� increases with heating and approaches zero
�here �= ��N+�b� /2�. The small difference between �N and �b

in the presmectic membrane at a high temperature leads to
membrane instability and thinning transitions. Decreasing
of the number of smectic layers at the thinning transition
leads to stepwise decreasing �N−�b �due to the decrease of
the membrane tension �N� on the value of order 3�10−3�
and allows the stabilization of the layer structure of the
membrane.
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The membranes studied were composed from smectic ma-
terial S-4�-undecyloxybiphenyl-4-yl 4-�1-methylheptyloxy�
benzoate �11BSMHOB� �24�. In a bulk sample, 11BSMHOB
exhibits the following phase sequence: SmC*−108 °C−N*

−123.9 °C− I. The tilt angle in the SmC* phase is nearly
constant and remains about 45° at the first-order SmC*-N*

phase transition. The membranes of uniform thickness were
prepared by drawing the material in the SmC* phase across a
circular hole �4 mm diameter� in a thin glass plate. In our
experiments, we studied membranes from 15 to 21 smectic
layers. The thickness of the membranes was determined from
the spectral dependence of the optical reflection in the “back-
ward” geometry �25�. Investigations of cholesteric droplets
nucleated in the presmectic membrane �26–28� enabled us to
obtain information on membrane tension �29�. The diameter
of droplets was from 15 to 35 �m. The droplet profile was
determined from the position of interference fringes in drop-
lets �26–29� in reflected monochromatic light ��=500 nm�.
The images of the membranes and droplets were recorded
using light reflection microscopy and a charge-coupled de-
vice camera.

In the past years, different methods were used to deter-
mine the membrane tension: the measurements of curvature
of a flexible string on the membrane boundary �30�, the
resonant frequencies of membrane vibrations �31�, the force
of a membrane drawn between two circular edges �32�,
the contact angle between a membrane and its meniscus
�15,33�, and the curvature of membrane under pressure �34�.
The precision of the measurements was increased by
about two orders, which allowed us to obtain several princi-
pal results. Membrane tension decreases with temperature
below the bulk transition temperature and its value is
lower in thinner membranes �32�. Above the bulk transition,
the membrane tension increases with temperature and
abruptly decreases at thinning transitions �34�. In order to
determine the surface interaction in the membrane in
the temperature range of thinning transitions, we used a pre-
cise method based on the measurement of the droplet
geometry in the smectic membrane �29�. The droplet shape
is very sensitive to the small difference between the
membrane tension and the surface tension of the
bulk sample. This allows us to detect small effects
���N−�b� /��

�10−3�. In 11BSMHOB, some quantity of choles-
teric droplets nucleates just above the temperature of the
bulk SmC*-N* phase transition Tc and preserves after
membrane thinning, which enables the measurements to be
made below and above the temperatures of the thinning
transitions. On cooling below Tc, the droplets form flat SmC*

islands thicker than the background membrane. The transfor-
mation between N* droplets and smectic islands is reversible
and occurs approximately near Tc. Above Tc the cholesteric
phase is stable. Note also that all free-standing film states
are metastable �2,35� and �N+1��N �32�. These are the
reasons why above Tc the material contained in droplets
does not spread throughout the membrane and make it
thicker.

Figure 1 shows the dependence of the relative
droplet diameter D /D0 on temperature for films of different
thicknesses �D0 is the droplet diameter at temperature
T=TN−1.3 °C�. Droplet diameter increases with temperature

�Fig. 1�. Succeeding cooling leads to the decrease of the
droplet diameter. The slope of each curve increases, essen-
tially approaching the thinning transition temperature. Data
in the temperature interval 111.0 °C to 111.75 °C was ob-
tained during a thinning transition run for the same film. The
film thickness decreases from N=18 to N=15 layers over the
layer-by-layer thinning process. The droplet diameter in-
creases with temperature and then stepwisely decreases at
every thinning transition. The droplet profile was determined
from the position of black and bright fringes inside the drop-
let, which result from the interference of light reflected from
the top and bottom of the droplet �26–29�. Figure 2 shows
the form of droplets in a 16-layer membrane at two tempera-
tures that differ only by 0.18 °C �111.52 °C, full circles;
111.7 °C, open circles�. Heating leads to the increase of the
droplet diameter and the decrease of its thickness so that the
droplet volume remains nearly constant. The droplet shape
may be approximated by two spherical caps �29�. In a small
temperature interval near thinning transition �Fig. 2�, their
radius increases from about 180 �m to 340 �m. We may
conclude that droplets exhibit critical behavior near the thin-
ning transitions.

The droplet geometry in the smectic membrane is deter-
mined by competition between the membrane tension and
surface tension of the droplet �29�. Schematic representation
of a droplet is shown in Fig. 3. Two surfaces confining a
droplet consist of smectic layers parallel to free surfaces
�Fig. 3�. Layer ordering penetrates into the droplet on the
distance of the surface penetration length 	. The number of

FIG. 1. �a� Dependence of the relative droplet diameter D /D0

on the temperature for the droplets in membranes of different
thicknesses. D0 is the droplet diameter at the temperature
T0=TN−1.3 °C; TN—temperature of thinning transition;
N—number of smectic layers in the membrane. The droplet diam-
eter increases on heating and stepwisely decreases at the thinning
transitions. �b� The temperature regions of existence of N-layer
films when the thinning transitions occur.
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smectic layers near the free surface decreases with tempera-
ture �20�. The surface layer ordering gives the smectic con-
tribution to the surface tension. The total energy F=FM
+FD of the system consists of membrane FM =�NSM and sur-
face droplet FD=�bSD energies, where SM =S0−
D2 /4 and
SD=
�D2+H2� /2 are membrane and droplet areas, S0 is the
area of membrane without the droplet, and H is the droplet
height. We neglect the small change of surface area in the
place of contact between the membrane and the droplet.
Minimization of energy F with respect to D and H under the
condition of a constant droplet volume V=
H�3D2

+H2� /24 gives �29�

��N − �b�/� � − 2�H/D�2. �1�

If the droplet volume is the same at different temperatures,
dependence ��N−�b� /� on D reads

��N − �b�/� � − �128V2/
2�D−6. �2�

Equation �1� can be rewritten in the following form:

��N − �b�/� � − �M
2 /2, �3�

where �M is the apparent matching angle between the droplet
and membrane surfaces. This equation can be obtained im-
mediately from the Young equation for the apparent match-
ing angle between the membrane and the droplet. In this
form, the relation between ��N−�b� /� and the droplet param-
eters is similar to the relation obtained in �15� for the deter-
mination of membrane characteristics from the profile of the
meniscus.

Figure 4 shows ��N−�b� /� for the membranes of different
thicknesses. Near the temperature of thinning transitions,
the data were obtained using Eq. �1� and fitting the experi-
mental droplet profile by a circular arc �Fig. 2�. Determina-
tion of ��N−�b� /� from a matching angle �Eq. �3�� gave
the results with an accuracy of about 10% coinciding
with data of Fig. 4. It is worth noting that measurements of
the droplet profile allow us to determine both the ratio �H /D�
and the apparent matching angle �M with high precision.
This enabled us to perform measurements for the first time in
the temperature region of the thinning transitions. At tem-
peratures “far” from the thinning transitions, droplets do not
show discrete interference fringes. Due to the increase of
surface curvature of droplets with decreasing temperature,
the distance between the interference fringes decreases and
becomes less than microscope resolution. Data in a broader
region �solid squares in the inset of Fig. 4� were obtained
from Eq. �2� under the assumption that the droplet volume
remained constant. We found that ��N−�b� /� displays oscil-
lations throughout the thinning transitions �Fig. 4�. Between
successive thinning transitions, ��N−�b� /� increases with
temperature. At thinning transitions, ��N−�b� /� stepwisely
decreases.

Typical values of the membrane tension are about
25–60 dyn/cm �30–32�. The main contribution �0 to surface
tension � is connected with the formation of the condensed
state �liquid or nematic�. Contributions to � from periodic

FIG. 2. The droplet shape in the membrane with a number of
smectic layers N=16. T=111.52 °C �solid circles�, T=111.7 °C
�open circles�. Solid curves are the spherical caps with
R=182 �m, H=1.2 �m. Dashed curves correspond to R=343 �m,
H=0.87 �m.

FIG. 3. Sketch of the droplet in the smectic membrane. L is the
membrane thickness; R—radius of spherical cap; 	—surface pen-
etration length of smectic ordering.

FIG. 4. Relative difference ��b−�N� /� between the membrane
tension and the surface tension of the bulk sample versus tempera-
ture for membranes of different thickness N. Arrows show the step-
wise change of ��b−�N� /� at the thinning transitions. Solid squares
in the inset of the figure represent the data for a 19-layer membrane
in a wide range of ��b−�N� /� �right axis�.
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smectic ��=�0+�S� or crystal ��=�0+�C� ordering are small
even at low temperature. In the usual crystals, �C�0 �crystal
melting starts from the surface� and “precrystal” films do not
exist. In smectics, �S and the fluctuation profile depend upon
the ratio �=� / �BK�1/2, where B is the elastic constant asso-
ciated with layer compressions, and K is the elastic constant
associated with layer undulations �2�. For ��1, the surface
damps the fluctuations, while for �
1, the fluctuation
amplitudes are enhanced at the surfaces. Above the bulk
transition temperature, �S remains finite and negative up to
TS as long as smectic ordering exists near the surface. The
difference TS−Tc is about 10 °C �20�. However, the pres-
mectic membrane can exist even above TS due to the inter-
action between the two surfaces, which induces smectic
ordering in the thin membrane. In SmC*, � depends, in
particular, on the tilt angle. In 11BSMHOB, the tilt angle is
nearly constant with temperature. The contribution of the
smectic elasticity to membrane tension is very small at low
temperature. Above Tc, the compression energy becomes
more important �19�. Membrane tension �N���=2�� can be
divided in two parts related with nonstructural ��0L� and
structural ��SN� tension �N=�0L+�SN. In our experiments, we
measured the excess energy ��N−�b� /� �Fig. 4� resulting
from a finite thickness of the membrane and interaction be-
tween surfaces Fin. In the common case, ��N−�b� consists of
two parts

�N − �b = ��0L − 2�0� + ��SN − 2�S� . �4�

Nonsmectic interaction �first term� is usually attributed to the
van der Waals attraction between surfaces FW=−A /12
L2

�36�, where A is the Hamaker constant. This interaction
has no strong temperature dependence in contrast to
experimental data �Fig. 4�. The main contribution to �N−�b
is connected with interaction resulting from overlapping
of smectic ordering from two surfaces �second term in Eq.
�4��. The energy of interaction between surfaces Fin=�N−�b
is negative. At low temperature �Fin� reaches its maximum
near the bulk transition temperature �15�. With increasing
membrane thickness and temperature, the attractive interac-
tion between surfaces �Fin� strongly decreases �Fig. 4� due to
decreasing smectic correlation length.

Up to now, no other measured quantities showed critical
behavior near the thinning transitions. Based on the tempera-
ture dependence of the experimental data, one could not
tell whether the membrane was near or far from the tempera-
ture of the thinning transition. As illustrated in Fig. 4,
�Fin� essentially decreases with heating when approaching
the thinning transitions. Increase of the thinning transition
temperature with decreasing membrane thickness occurs
in accordance with behavior of ��N−�b� /� for different
membrane thicknesses. When, upon heating, the interaction
energy �Fin� decreases to some critical value �Fig. 4�, the
thinning transition occurs. We associate this energy with
the lower bound of the surface interaction for membrane
stability.

Thinning transitions are often associated with the me-
chanical instability of the layer structure �14�. The thinning
should occur when the balance of the disjoining pressure

and the elastic forces break down in the membrane.
The elastic deformation concentrates in the membrane
center, where the degree of smectic order is the lowest.
The disjoining pressure �Pd is usually related to the curva-
ture of the meniscus. It can be defined as the derivative of
the free energy over the membrane thickness �15� or the
work necessary to change the membrane thickness. This is
the difference between air and membrane pressure, i.e., it
is a pressure actually applied to the membrane. The second
way to consider disjoining pressure is based on the differ-
ence between the free energy per layer at the surface of
the membrane and in its interior �34,37�. The value defined
in such a way, however, does not correspond to real pressure
acting on the membrane. The physical reason for the stability
of membranes may be explained as follows. Membranes
are a metastable state of matter. At low temperatures, each
membrane thickness corresponds to the local energy mini-
mum associated with nonzero interaction between membrane
surfaces. The membrane tension �N is less in thinner mem-
branes, however, at low temperatures, the energetic barrier
prevents the transition from the state with N to N−1 layers.
At high temperatures, the interaction between the layers
decreases, and inside the membrane a nonlayered structure
may be formed. In this state, no energy is required to change
the thickness of the film. In principle, the compound could
enter the membrane from the meniscus forming a “quasis-
mectic phase” �12�. However, this as a rule does not happen.
Before the surface interaction reaches zero, a dislocation
loop is formed in the membrane, which is followed by a
thinning transition. As a result, the interaction of surfaces
�Fin� increases, and the energy of the film decreases. A
driving force must exist for a thinning transition. Measure-
ments of the droplet height H versus diameter D show nearly
linear dependence for droplets with H much larger than the
film thickness. This means that additional pressure in
droplets with respect to air is smaller in larger droplets
�Pd=2�b /R�8�bH /D2. At the thinning transition due to the
change of droplet shape �Fig. 2�, the pressure �Pd increases
about two times. Surface curvature in droplets �convex� and
in meniscus �concave �15,38�� gives not only the different
value of the pressure but even its sign. So the questions
about the driving force of thinning and disjoining pressure
remain open.

In summary, we have shown that the attractive surface
interaction in the smectic membrane �Fin� decreases
with temperature, approaches zero near the thinning transi-
tion, and stepwisely increases after thinning. This behavior
was predicted by de Gennes presmectic model. We used
an internal membrane sensor—namely, droplets whose
shape is very sensitive to interaction between the surfaces
confining the presmectic membrane. The reason of the
thinning transitions from the energetical point of view, in
general, is clear but the nature of the driving force for
thinning and dynamic phenomena are not yet fully
understood. The interaction of surfaces in smectic
membranes is much larger than in films of isotropic liquid
and can be important up to several tens of nanometers.
There are two contributions to the interaction induced by
the smectic order parameter. The first one is the mean-field
force. This interaction is oscillatory with respect to the mem-
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brane thickness �22,39�. The second one is the attractive
force induced by fluctuations of the smectic order �pseudo-
Casimir force� �23,40�. However, the relative contribution
of the mean-field and fluctuation-induced interaction to
the total interaction of surfaces remains unknown. It should
be noted also that most theories were developed for systems
exhibiting second-order bulk phase transition, although

most experiments were made using compounds with
first-order transitions. Further studies of structure instability
of smectic membranes, both theoretical and experimental,
are required.
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