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Dependence of film tension on the thickness of smectic films

R. Jaquet and F. Schneider
Theoretische und Physikalische Chemie, Universita¨t Siegen, 57068 Siegen, Germany

~Received 26 September 2002; published 26 February 2003; publisher error corrected 25 August 2003!

The film tensiont of free standingSA films has been measured for films with thicknesses between 2 and 150
layers. There is a clear increase oft with the thickness for very thin films and a nonlinear slower increase for
high thickness. The nonlinearity depends on the amount of liquid crystal accessible to the meniscus of the film
during the drawing process. Several models are discussed that describe these effects.

DOI: 10.1103/PhysRevE.67.021707 PACS number~s!: 61.30.2v, 68.03.Cd, 68.60.Bs
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I. INTRODUCTION

Free standing smectic films can be produced with cons
thickness over large areas. Directly after the drawing proc
the thickness is usually not constant. Thin areas begin
grow at the expense of thick areas until the thinnest part
spread over the whole film area. This phenomenon can o
be explained if the film tension increases with the film thic
nessD.

The film tensiont5(]G/]A)p,T (G, free enthalpy,A,
film area! contains two terms. One is the double surface t
sion s and the second is due to the pressure differenceDp
5pf ilm2penv @1–3# between film and environment

t52s2Dp D. ~1!

The pressure difference is caused by the concave men
as described by the equation of Young and Laplace, an
therefore negative.

Besides the increase of film tension as described by
~1!, there must be an additional effect in ultrathin films
which disclinations between regions with different thic
nesses move very rapidly. Thus a two layer film is form
nearly instantaneously from a film with a two layer regi
and thicker regions. In several studies@4–6# Landau models
have been developed predicting a decrease of film tensio
ultrathin films.

All measurements up to now have not observed the
crease of film tension with the film thickness@7–12# except
one study@1# at very thick films~4000–8000 layers!. Re-
cently, one of us~F.S.! has described a new method@13# for
the measurement of film tension, which gives very prec
results and should be able to detect this effect.

II. EXPERIMENTAL METHOD

The measurements were performed with the liquid cry
n-octyl-cyano-biphenyl~8CB!, which exhibits anSA phase
between 21.0 and 33.0 °C. The liquid crystal was purcha
from Synthon GmbH, Wolfen and used without further pu
fication.

The film tension is determined from the force of a fil
drawn between two circular edges~two ring method, see Fig
1!. The upper edge is suspended from an electronic bala
with a resolution of 1025 g. As the force of the film corre-
sponds to about 2 g, the relative resolution of the devic
1063-651X/2003/67~2!/021707~7!/$20.00 67 0217
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531026. The details of the experimental setup have be
reported elsewhere@13#.

A minor modification in the setup has been introduced
order to simplify the drawing of thick films. Thick films ar
formed if the opening velocity of the edges is small. In t
new setup the upper ring can be moved upward by mean
a plate, which is inserted between the rings. The movem
of the upper plate is therefore strictly parallel to the low
ring. Finally, the lower ring and the plate are moved dow
ward, until the upper ring is suspended from the balance
the film exhibits the height desired. In the old setup the low
edge was moved downward from the beginning and
opening of the edges occurred asymmetrically. This led t
mechanical instability and a subsequent wobbling of the
per ring when the edges were separated from one anoth

The thickness of thin films with 2 to 20 smectic laye
was determined by means of the reflectivity of light at a fix
wavelength of 635 nm generated by an interference fi
from white light ~100 W halogen lamp, Xenophot, Osram!.
The method of measurement and the evaluation have b
described in several papers@14,15#.

The thickness of thick films was determined from the
terference spectra of the reflected beam in the visible reg
@16#. Figure 2 shows the optical setup.

Evaluation of the interference spectra of smectic films
simple if the film is illuminated with light parallel to the film
normal. Due to the two-dimensional bending of the film

FIG. 1. Schematic diagram of the setup.
©2003 The American Physical Society07-1
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broad parallel beam of light is unfavorable. The filame
(631.5 mm) of the halogen lamp is therefore imaged on
film with a maximum deviation from normal incidence o
2°. The conversion filter~Linos, TL60! reduces the light
intensity at the wavelength of the maximum signal of t
imaging spectrograph~520 nm! and transmits the light a
short and long wavelengths. After calibration with 20 spe
tral lines between 378 nm~Tl! and 770 nm~K! the precision
of the wavelength determination of the interference spectr
0.1 nm.

For normal incidence the reflected intensityI is

I

I 0
5

4R sin2~d/2!

~12R!214R sin2~d/2!
, ~2!

whered54pnoD/l and R5(no21)2/(no11)2. no is the
ordinary refractive index of the smectic liquid crystal. Unfo
tunately the refractive indices of 8CB are not known as
function of wavelength. Wuet al. @17# have measured th
indices for the pentyl homologue of 8CB in the nema
phase. Due to the different alkyl chain lengths, differe
phases, and different temperatures the indices at 589 nm
slightly different (1 %). This was taken into account as fo
lows. The indices of Wuet al. were described by a three
band Sellmeier equation

no511g01g1

l2l1
2

l22l1
2

1g2

l2l2
2

l22l2
2

, ~3!

with the l i values 210 and 282 nm@17#. The coefficientsgi
were changed linearly such that the refractive index
589 nm agreed with the measured value of 8CB.

The measuring system had to be calibrated for the de
mination of the reflected intensity from the output of t
imaging spectrograph. In principle, the calibration can
performed by measuring the reflected intensity of a surf
with known reflectivity, e.g., a glass plate. However, the ca
bration curveI c(l) strongly depends on position, orient
tion, and bending of the reflecting surface. The simpl
method was to measure the reflected intensity of a thin
itself. For very thin films up to about five smectic layers E
~2! can be expanded to give

FIG. 2. Optical setup.
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221!2
D2
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. ~4!

A calibration with an interference spectrum of such a th
film does not require the knowledge the film thicknessD if
only relative intensities are to be determined.

Calibration with thicker films, e.g., with eight smectic lay
ers, gives higher intensities. In this case Eq.~2! has to be
used and the film thickness has to be known. As the la
thicknessd is known from x-ray measurements@18# or from
the interference spectra~see below! only some integer layer
numbersN have to be tested. For wrong values the calib
tion procedure leads to wrong maximum intensities in
interference spectra of thick films. Therefore, the layer nu
ber and the film thicknessD5Nd can be determined unam
biguously.

Figure 3 shows the interference spectrum of a thick 8
film and a fit with Eq.~2! with D51352.5 nm. For wave-
lengths longer than 450 nm the fit is nearly perfect. F
smaller wavelengths the refractive indices are obviously
correct and the intensities at the minimum and maxim
values are too high. The last effect is probably caused by
scattering of light from the smectic film and an insufficie
resolution of the spectrograph. By means of the fit the fi
thickness could be determined with an error of 0.1 to 0.2
for films between about 40 and 200 layers.

Table I shows a series of measured film thickness
which were determined at two different days. From the
measurements the layer thickness can be determined a
minimum of the function

D5

(
i 51

M

@Di /d2Inear~Di /d!#2

M
. ~5!

FIG. 3. Experimental interference spectrum and fit of a th
film at 21.9 °C.
7-2
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The indexi runs over theM measured values.d is the vari-
able layer thickness andInear means ‘‘nearest integer.’’ Fig
ure 4 shows the functionD for the interesting thickness re
gion. The global minimum is at 3.137 nm, which is in goo
agreement with the x-ray value from Leadbetteret al. @18# of
3.16 nm. Table I shows that the calculated layer numbers
nearly integer values and that the corresponding layer n
bers can be determined exactly in this range of film thi
nesses.

III. EXPERIMENTAL RESULTS

A. Thin films

Within this experiment the films were drawn and d
stroyed after every measurement. Therefore it was poss
to determine the balance readings without film and to c
brate the light intensity after every measurement. The dr
ing technique only allows to define a broad range of thi
nesses for the films to be prepared. Therefore, and due to
limited number of experiments during one series of meas
ments, some layers are missing in each series in Fig
showing the measurements for 8CB at several temperatu

For films with more than eight layers the film tensio
achieves aconstant value. Equation~1! predicts a linear de-
pendence on the film thickness for a constant pressure di

TABLE I. Measured film thicknessD for 8CB at 21.9 °C and
numberN of smectic layers.

D/nm N

132.0 42.08
156.7 49.96
163.1 52.00
166.2 52.99
172.5 54.99
175.6 55.98
178.8 57.00
219.5 69.98
232.1 73.99
235.2 74.98
247.9 79.03
247.9 79.03
254.1 81.01
297.9 94.97
338.9 108.04
367.1 117.03
370.2 118.02
379.7 121.05
382.8 122.04
382.8 122.04
401.3 127.94
401.3 127.94
429.9 137.05
442.0 140.91
442.2 140.98
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ence. For smallD values the contribution of the second ter
is very small and is not observed. For thinner films a d
crease is observed as found for other liquid crystals, too
simple argument for the decrease is the following. The s
face tension corresponds to the free enthalpy, which is n
essary to create a definite film surface. The liquid crys
material needed for the additional film area has to be pu
out of the meniscus. The properties of the bulk material
the meniscus and the material in the inner part of a thick fi
agree with one another, i.e., the excess of the free enthalp
a film is only caused by the outer layers with its high
enthalpy density. For very thin films the order parameters
the outer layers increase due to the interaction of the
highly ordered surfaces. This leads to a decrease of the
enthalpy density and the surface tension.

A more detailed discussion of this effect is presented
Sec. IV.

FIG. 4. FunctionD @Eq. ~5!# versus layer thicknessd.

FIG. 5. Film tensiont versus layer numberN at temperatures
between 17.9 and 29.8 °C. The solid lines are only guides for
eye. Additionally, the measurement at 29.8 °C is presented
higher resolution.
7-3
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B. Thick films

In thick films the surfaces are well separated, leading t
negligible interaction between molecules in the two surfa
and no change of the film tension. However, the second t
in Eq. ~1! predicts an increase oft with the film thickness.
Whether this increase is linear in the thickness@1# or not has
to be investigated. The pressure difference

Dp5
s

r m
~6!

is a function of the curvature radiusr m,0 of the meniscus
and should depend on the available amount of liquid crys
the film volume, and the length of the meniscus.

Figure 6 shows the film tensiont as a function of the film
height. The evaluation of the measurement takes into acc
@13# that the film does not exhibit the form of a cylinder, b
that of a minimum surface between two circular edges.
change of the film tension@see Eq.~1!# is expected if the
curvature radius of the meniscus and correspondingly
pressure difference remain constant.

The amount of liquid crystal for the film has to be pr
vided by the menisci. This leads to a decrease of the cu
ture radius, as observed experimentally during the draw
process. In our experiment the material flow is about 2
for a film with a height of 20 mm and a thickness of 10
layers.

A simple model allows to determine the curvature rad
from film height and thickness. The cross section of the m
niscus is represented by the area between the edge, wh
assumed to be circular, and the circular surface of the me
cus ~Fig. 7!.

The volume of the upper and lower meniscus is obtain
as

Vm54pR~ ur muAr e
212r eur mu2ar e

22br m
2 ! ~7!

with

FIG. 6. Film tensiont versus film heightH for a 100 layer film
at 21.9 °C. The solid line is calculated with Eqs.~1! and ~9!.
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R is the diameter of the circular edge~10 cm!. The liquid
crystal volumeVLC in the menisci and in the film become

VLC52pR~2ur muAr e
212r eur mu22ar e

222br m
2 1HD !

~9!

for H@ur mutanb2r e . For the further evaluation the quant
ties VLC/2pR and r e are assumed to be free selectable p
rameters. Equation~9! is solved numerically forr m with
given values for the film thicknessD, and the film tension is
calculated with Eq.~1!. The edge radiusr e has only a minor
influence on the form of the calculated curve shown in F
6. t is calculated with the fit parametersVLC/2pR56.7
31023 mm2, r e50.3 mm, ands531.062 mN m21, which
exhibit the correct order of magnitude.

The determination of the film tension is influenced by t
weight of the film~2 mg for the full height!. One half of the
film material stems in a first approximation from the upp
meniscus; however, the full film is suspended from the up
ring. Furthermore, the weight of the film must be compe
sated by a slightly smaller radius of the curvature of t
upper meniscus, i.e., more than one half of the film mate
comes from the upper meniscus. The error in the determ
tion of the film tension corresponds to less than one hal
the weight of the film. Altogether this leads to an error of t
film tension of about 0.02 mN m21 at the largest film height.

In the next experiment the height of the film was ke
constant~10 mm! and the thickness was changed. If the fil
is destroyed after every measurement and the new film
drawn after a contact of the edges the scattering of the va
becomes very strong. Obviously, this is a consequence
different liquid crystal volumes in the menisci. The scatteri
can be reduced if one avoids destruction of the film dur
one series of measurements. As a consequence, a ba
calibration between the measurements cannot be perform
This is no drawback for our device, with its very good lon
time stability@13#. Different film thicknesses are obtained b
rapid compressions and expansions of the film area.

FIG. 7. Simple model for the cross section of the menisci. T
true form of the edge is a 45° trapezoid with a thickness of 1 m
7-4
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The result is shown in Fig. 8. There is a clear influence
the time of measurement on the deviation of the values fr
the mean curve. Early measurements result in values ab
the mean curve. The reason for this effect is the followi
The first film with a large thickness sucks liquid crystal m
terial from more distant parts of the edge into the menisc
After this irreversible process the material is now access
when thin films are drawn. This process reduces the we
of the upper ring with the adhering liquid crystal and i
creases the curvature radius of the menisci. Both effects
sult in an apparent reduction of the film tension.

The simple model introduced above can also be applie
this experiment. The solid line in Fig. 8 was calculated w
the parametersVLC/2pR55.631023 mm2, r e50.3 mm,
and s531.095 mN m21, which agree reasonably with th
parameters used for the fit in Fig. 6.

IV. MODEL FOR THE SURFACE TENSION IN THIN
FILMS

In ultrathin smectic films pseudo van der Waals inter
tions arise from the decrease of orientational and positio
fluctuations@4,19,20#. The influence on the film tension is i
the order of

Dt52
A

12pD2
, ~10!

whereA'10 kT is the Hamaker constant. For a two lay
film this effect gives only 10% of the observed decrease
the predicted 1/D2 dependence is not observed.

Picanoet al. @4# have studied the interaction of the tw
surfaces of a smectic film with a Landau–de Gennes mo
and find a decrease of the film tensionDt for very thin films:

Dt5
ajcs

2

A2
@12tanh~Nd/A2j!# ~11!

FIG. 8. Film tensiont versus layer numberN for thick films
with constant height at 21.9 °C. The numbers at the measured
ues show the sequence of measurements. The solid line is calcu
with Eqs.~1! and ~9!.
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a5a0~T2TNA!, ~12!

j5j0@~TNA2T!/TNA#21/2, T,TNA , ~13!

cs , the excess of the smectic order parameter at the
surface, is assumed to be constant. Picanoet al. @4# propose
the valuesa0j0cs

2/s57.431024 K21 and j050.8 nm for
8CB from their measurements of the meniscus profile. T
already leads to a nearly correct description of the decre
of t in thin films.

For the further study we have subtracted from the exp
mental values a linear dependence onD (0.001 mN/m3N)
resulting from the approximately linear termDp D in Eq.
~1!. Furthermore,Dt was determined by subtracting the co
stantt of the thick films.

For constant temperature Eq.~11! can be written as

Dt5K@12tanh~Nd/ l !# ~14!

and allows a fit within the experimental error.
Figure 9 shows that the temperature dependence ofDt is

not well described by Eq.~11!.
In the experiment the onset of the decrease oft does not

depend on the temperature. Function~11!, however, moves
this with temperature. This problem of the theory has alrea
been observed by Picanoet al. @4# in their study of the con-
tact angle between film and meniscus.

Improved theories by Shalaginov and Sullivan@5# and
Poniewierskiet al. @6# take into account the quartic term o
the Landau–de Gennes theory and use a better descriptio
the surface energy. The dependence of the Landau free
ergy on the phasef of the smectic order parameterC
5c exp(if) can be neglected in the smectic phase. Then
Landau free energy functional per area has the follow
form:

f ~c!52E
0

D/2F1

2
LS dc

dzD 2

1
a

2
c21

b

4
c4Gdz

12F2hsc~D/2!1
gs

2
c2~D/2!G . ~15!

c is the amplitude of the smectic order parameter. The so
tion of the functional leads to the Euler-Lagrange equatio

L
d2c

dz2
2ac2bc350 ~16!

with the boundary conditions

dc

dz
~0!50, ~17!

L
dc

dz
~D/2!5hs2gsc~D/2!. ~18!

L, a5a0(TNA2T), b, hs , andgs are the phenomenologica
parameters of the model.

al-
ted
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The contribution of the smectic order to the film tensi
corresponds to the difference between the Landau free
ergy of the film and the bulk:

f ~ceq!2 f ~cb,eq!5tsm. ~19!

Finally, Dt is obtained from thetsm values for films with
finite and infinite thickness

Dt5tsm~D !2tsm~`!. ~20!

The differential equation has been solved using the sh
ing method@21#. With hs50 and reasonable values for th
ratio L/a52j2 we found the best fit forL/bd252, a0 /b
50.07, gs /bd520.3, andbd50.01 N/m. There is a mino
improvement~see Fig. 9, solid lines! compared with the fit
based on the simple theory. Especially, the error in the t
perature dependence is not reduced significantly.

In both theories the decrease of the surface order with
distance from the surface is described by the cohere
lengthj. For a cell thickness of about 2j the decrease oft
begins. The experiment shows no clear dependence of
beginning as a function of temperature, whereas Eq.~13!
predicts a temperature dependence.

The experimental observation suggests to eliminate
temperature dependence with a phenomenological ansa
the form

Dt5K/~TNA2T!kexp~2Nd/ l !. ~21!

The whole set of data can be described withK52.936
31023 N/m, k50.316, andd/ l 51.007 within the experi-
mental error~see Fig. 10!.

FIG. 9. Film tension decreaseDt versus layer numberN for thin
films at different temperatures and fit~– – – –! with Eq. ~11! with
the parametersa0j0cs

2/A251.9231025 N/mK and d/(A2j0)
53.256. The solid lines are a fit with an improved Landau–
Gennes theory@5,6# ~see below!. The curves have been shifted fo
clarity.
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V. CONCLUDING REMARKS

In contrast to earlier studies@7–12# we have found a clea
dependence of the film tension on the film thickness. T
negative pressure difference between film and surround
gas leads to a nonlinear increase of the film tension with
film thickness. Furthermore, we have observed an increas
the film tension with the film area. This effect is due to t
limited amount of liquid crystal in the meniscus. An increa
of the film area requires liquid crystal material that leads t
decrease of the curvature radius of the meniscus and an
crease of the pressure difference.

In addition, ultrathin liquid crystal films with a thicknes
of N52 –4 smectic layers show an increase of the film te
sion with the thickness. This effect is due to an overpress
in the film, which is caused by the interaction of the tw
highly ordered surface layers. In several studies@4–6# Lan-
dau models have been developed, which describe the de
dence on the thickness very well. However, the tempera
dependence of this effect is only predicted qualitative
Probably the experimental conditions for application of the
models are not suitable. First, Landau–de Gennes theo
can only be used in a limited temperature region aroun
transition point and our measurements extend up to 15
below theN-A transition point. Second, the thinnest film
studied show a thickness of about 6 nm, which is of the or
of the coherence length. This should also lead to artifact
the Landau–de Gennes theory.

Furthermore, we have used the mean field theories of M
Millan @22,23# modified by Mirantsev@24# and Kranjc and
Zumer @25# to describe smectic films. Their theories ha
been adapted by us to investigate the film tension. We w
not able to describe the temperature dependence of the
tension in ultrathin films with physically reasonable para
eters, although the theory allows, in general, to study
broader range of properties.
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FIG. 10. Film tension decreaseDt versus layer numberN for
thin films at different temperatures and fit~– – – –! with Eq. ~21!.
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