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Dependence of film tension on the thickness of smectic films
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The film tensionr of free standings, films has been measured for films with thicknesses between 2 and 150
layers. There is a clear increaseoivith 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.
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I. INTRODUCTION 5x10°5. The details of the experimental setup have been
reported elsewhergl3].

Free standing smectic films can be produced with constant A minor modification in the setup has been introduced in
thickness over large areas. Directly after the drawing processrder to simplify the drawing of thick films. Thick films are
the thickness is usually not constant. Thin areas begin tformed if the opening velocity of the edges is small. In the
grow at the expense of thick areas until the thinnest part hasew setup the upper ring can be moved upward by means of
spread over the whole film area. This phenomenon can onlg plate, which is inserted between the rings. The movement
be explained if the film tension increases with the film thick-of the upper plate is therefore strictly parallel to the lower
nessD. ring. Finally, the lower ring and the plate are moved down-

The film tension7=(JdG/dA), 1 (G, free enthalpy,A,  ward, until the upper ring is suspended from the balance and
film areg contains two terms. One is the double surface tenthe film exhibits the height desired. In the old setup the lower
sion o and the second is due to the pressure differekpe edge was moved downward from the beginning and the

=Psiim— Peny [1—3] between film and environment opening of the edges occurred asymmetrically. This led to a
mechanical instability and a subsequent wobbling of the up-
7=20—ApD. (1) per ring when the edges were separated from one another.

The thickness of thin films with 2 to 20 smectic layers
The pressure difference is caused by the concave meniscu@s determined by means of the reflectivity of light at a fixed
as described by the equation of Young and Laplace, and iwavelength of 635 nm generated by an interference filter
therefore negative. from white light (L00 W halogen lamp, Xenophot, Osram
Besides the increase of film tension as described by Eqlhe method of measurement and the evaluation have been
(1), there must be an additional effect in ultrathin films in described in several papdrk4,15.
which disclinations between regions with different thick-  The thickness of thick films was determined from the in-
nesses move very rapidly. Thus a two layer film is formedterference spectra of the reflected beam in the visible region
nearly instantaneously from a film with a two layer region[16]. Figure 2 shows the optical setup.
and thicker regions. In several stud[ds-6] Landau models Evaluation of the interference spectra of smectic films is
have been developed predicting a decrease of film tension igimple if the film is illuminated with light parallel to the film
ultrathin films. normal. Due to the two-dimensional bending of the film a
All measurements up to now have not observed the in-
crease of film tension with the film thicknegs—12] except to the balance
one study[1] at very thick films(4000—-8000 layejs Re-
cently, one of ugF.S) has described a new methfitB] for
the measurement of film tension, which gives very precise
results and should be able to detect this effect.
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Il. EXPERIMENTAL METHOD upper ring

The measurements were performed with the liquid crystal
n-octyl-cyano-biphenyk8CB), which exhibits anS, phase
between 21.0 and 33.0°C. The liquid crystal was purchased
from Synthon GmbH, Wolfen and used without further puri-
fication.

The film tension is determined from the force of a film
drawn between two circular edgéwo ring method, see Fig.

1). The upper edge is suspended from an electronic balance
with a resolution of 10°g. As the force of the film corre-
sponds to about 2 g, the relative resolution of the device is FIG. 1. Schematic diagram of the setup.

lower ring
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FIG. 2. Optical setup.

broad parallel beam of light is unfavorable. The filament

(6Xx1.5mm) of the halogen lamp is therefore imaged on the ¢.0

film with a maximum deviation from normal incidence of
2°. The conversion filtefLinos, TL60 reduces the light
intensity at the wavelength of the maximum signal of the
imaging spectrograpli520 nm and transmits the light at
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FIG. 3. Experimental interference spectrum and fit of a thick

film at 21.9 °C.

short and long wavelengths. After calibration with 20 spec-

tral lines between 378 nifTl) and 770 nmK) the precision
of the wavelength determination of the interference spectra i
0.1 nm.

For normal incidence the reflected intenditis

lo

4R sir?(512)
" (1-R)2+4RsirR(8/2)’

2

where 6=4mn,D/\ and R=(n,—1)%/(n,+1)?. n, is the

ordinary refractive index of the smectic liquid crystal. Unfor-
tunately the refractive indices of 8CB are not known as
function of wavelength. Wiet al. [17] have measured the
indices for the pentyl homologue of 8CB in the nematic

phase. Due to the different alkyl chain lengths, different

phases, and different temperatures the indices at 589 nm
slightly different (1 %). This was taken into account as fol-
lows. The indices of Wiet al. were described by a three-
band Sellmeier equation

A2\2
No=1+go+ 91)\2_)\5 +02

2
A2NS
2 1
AZ—)\3

)

with the \; values 210 and 282 nii7]. The coefficienty;
were changed linearly such that the refractive index a
589 nm agreed with the measured value of 8CB.

The measuring system had to be calibrated for the dete
mination of the reflected intensity from the output of the

2
_ 2,02 422
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A calibration with an interference spectrum of such a thin
film does not require the knowledge the film thickn&ssf
only relative intensities are to be determined.

Calibration with thicker films, e.g., with eight smectic lay-
ers, gives higher intensities. In this case E2). has to be
used and the film thickness has to be known. As the layer
thicknessd is known from x-ray measurements8] or from

&he interference spectfaee below only some integer layer

numbersN have to be tested. For wrong values the calibra-
tion procedure leads to wrong maximum intensities in the
iréterference spectra of thick films. Therefore, the layer num-

ér and the film thicknes® =Nd can be determined unam-
biguously.

Figure 3 shows the interference spectrum of a thick 8CB
film and a fit with Eq.(2) with D=1352.5 nm. For wave-
lengths longer than 450 nm the fit is nearly perfect. For
smaller wavelengths the refractive indices are obviously in-
correct and the intensities at the minimum and maximum
values are too high. The last effect is probably caused by the
scattering of light from the smectic film and an insufficient
resolution of the spectrograph. By means of the fit the film
thickness could be determined with an error of 0.1 to 0.2 nm
for films between about 40 and 200 layers.
™ Table | shows a series of measured film thicknesses,
which were determined at two different days. From these

imaging spectrograph. In principle, the calibration can b&neasyrements the layer thickness can be determined as the
performed by measuring the reflected intensity of a surface,inimum of the function

with known reflectivity, e.g., a glass plate. However, the cali-
bration curvel (\) strongly depends on position, orienta-
tion, and bending of the reflecting surface. The simples

method was to measure the reflected intensity of a thin film

itself. For very thin films up to about five smectic layers Eq.
(2) can be expanded to give
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TABLE |. Measured film thicknes® for 8CB at 21.9°C and
numberN of smectic layers.
<
D/nm N
132.0 42.08 0.10 -
156.7 49.96
163.1 52.00
166.2 52.99
172.5 54.99
175.6 55.98
178.8 57.00 005
219.5 69.98
232.1 73.99
235.2 74.98
247.9 79.03
247.9 79.03 o.og L L .
9541 81.01 5 3.0 35 d@m) 40
297.9 94.97 FIG. 4. FunctionA [Eqg. (5)] versus layer thickness
338.9 108.04
2%; Eggg ence. For smalD vglues the contribution of Fhe seqond term
3707 12105 is very _smaII and is not observed. For' th!nner films a de-
: : crease is observed as found for other liquid crystals, too. A
382.8 122.04 simple argument for the decrease is the following. The sur-
382.8 122.04 face tension corresponds to the free enthalpy, which is nec-
401.3 127.94 essary to create a definite film surface. The liquid crystal
401.3 127.94 material needed for the additional film area has to be pulled
429.9 137.05 out of the meniscus. The properties of the bulk material in
442.0 140.91 the meniscus and the material in the inner part of a thick film
442.2 140.98 agree with one another, i.e., the excess of the free enthalpy of

a film is only caused by the outer layers with its higher
enthalpy density. For very thin films the order parameters in
the outer layers increase due to the interaction of the two

The indexi runs over theM measured valuesl is the vari-  highly ordered surfaces. This leads to a decrease of the free

able layer thickness arifl,.,, means “nearest integer.” Fig- enthalpy density and the surface tension.

ure 4 shows the functiod for the interesting thickness re- A more detailed discussion of this effect is presented in

gion. The global minimum is at 3.137 nm, which is in good Sec.
agreement with the x-ray value from Leadbetenl.[18] of

IV.

3.16 nm. Table | shows that the calculated layer numbers are . 613
nearly integer values and that the corresponding layer num T ______11‘?.0.
bers can be determined exactly in this range of film thick- 6251 /,,—-""— 29.8°C
nesses. ) s’
% 1612 _
= /4/'1 * " 218°C 2
Ill. EXPERIMENTAL RESULTS h620 - E
A. Thin films lora ©
Within this experiment the films were drawn and de- ,” . 258°C
stroyed after every measurement. Therefore it was possiblt 615//"'ﬁ
to determine the balance readings without film and to cali- ~ 610
brate the light intensity after every measurement. The draw- . .
ing technique only allows to define a broad range of thick- 29.8°C
nesses for the films to be prepared. Therefore, and due to th ¢, o
limited number of experiments during one series of measure- y s ~ 5 60.9

ments, some layers are missing in each series in Fig. 5,

showing the measurements for 8CB at several temperatures. FIG. 5. Film tensionr versus layer numbeN at temperatures
For films with more than eight layers the film tension between 17.9 and 29.8 °C. The solid lines are only guides for the
achieves aconstant value. Equatidn predicts a linear de- eye. Additionally, the measurement at 29.8°C is presented at a

pendence on the film thickness for a constant pressure diffehighe
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FIG. 7. Simple model for the cross section of the menisci. The
true form of the edge is a 45° trapezoid with a thickness of 1 mm.
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FIG. 6. Film tensionr versus film heighH for a 100 layer film sina= ; +r|nr | and a+B=mw/2. (8
at 21.9°C. The solid line is calculated with Eq$) and(9). e m
B. Thick films R is the diameter of the circular edd&0 cm. The liquid

N . crystal volumeV, ¢ in the menisci and in the film becomes
In thick films the surfaces are well separated, leading to a y Lc

negligible interaction between molecules in the two surfaces

_ _ 2_ 2
and no change of the film tension. However, the second term  Vic=2TR(2[r [ Vre+2re|rn| —2are—2pr5,+HD)

in Eq. (1) predicts an increase af with the film thickness. ©)
Whether this increase is linear in the thickngkkor not has ) )
to be investigated. The pressure difference for H>|rJtanB—r.. For the further evaluation the quanti-
tiesV /2R andr, are assumed to be free selectable pa-
o rameters. Equatiori9) is solved numerically for,, with
Ap= a (6) given values for the film thickned3, and the film tension is

calculated with Eq(1). The edge radius, has only a minor

is a function of the curvature radius,<0 of the meniscus influence on the form of the calculated curve shown in Fig.
and should depend on the available amount of liquid crystalf. 7 is calculated with the fit parametei$ c/2mR=6.7
the film volume, and the length of the meniscus. X103 mm?, r,=0.3 mm, ando=31.062 mNm, which

Figure 6 shows the film tensionas a function of the film  exhibit the correct order of magnitude.
height. The evaluation of the measurement takes into account The determination of the film tension is influenced by the
[13] that the film does not exhibit the form of a cylinder, but weight of the film(2 mg for the full height One half of the
that of a minimum surface between two circular edges. Ndilm material stems in a first approximation from the upper
change of the film tensiofsee Eq.(1)] is expected if the meniscus; however, the full film is suspended from the upper
curvature radius of the meniscus and correspondingly théing. Furthermore, the weight of the film must be compen-
pressure difference remain constant. sated by a slightly smaller radius of the curvature of the

The amount of liquid crystal for the film has to be pro- upper meniscus, i.e., more than one half of the film material
vided by the menisci. This leads to a decrease of the curvacomes from the upper meniscus. The error in the determina-
ture radius, as observed experimentally during the drawingion of the film tension corresponds to less than one half of
process. In our experiment the material flow is about 2 mghe weight of the film. Altogether this leads to an error of the
for a film with a height of 20 mm and a thickness of 100 film tension of about 0.02 mN m' at the largest film height.
layers. In the next experiment the height of the film was kept

A simple model allows to determine the curvature radiusconstan{10 mm and the thickness was changed. If the film
from film height and thickness. The cross section of the meis destroyed after every measurement and the new film is
niscus is represented by the area between the edge, whichdgawn after a contact of the edges the scattering of the values
assumed to be circular, and the circular surface of the menigecomes very strong. Obviously, this is a consequence of

cus (Fig. 7). different liquid crystal volumes in the menisci. The scattering
The volume of the upper and lower meniscus is obtainegan be reduced if one avoids destruction of the film during
as one series of measurements. As a consequence, a balance

calibration between the measurements cannot be performed.
Vin=47R(|1 2+ 2r Jr | — ar2—Br2) (7)  This is no drawback for our device, with its very good long
time stability[13]. Different film thicknesses are obtained by
with rapid compressions and expansions of the film area.

021707-4
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7 with
14 a=ag(T—Tya), (12)
624 /
= / ) E=E(Tna= T Tnal Y4 T<Tya, (13
% / ' s, the excess of the smectic order parameter at the free
N 3 / surface, is assumed to be constant. Piceinal. [4] propose
/ the valuesagéoy2/o=7.4x10"* K~! and £,=0.8 nm for
6231 2 / 8CB from their measurements of the meniscus profile. This
/' * already leads to a nearly correct description of the decrease
yd of 7 in thin films.
p For the further study we have subtracted from the experi-
1 / mental values a linear dependence®r{0.001 mN/mx N)
¢ // resulting from the approximately linear terp D in Eq.
622 20 30 N 120 (1). FurthermoreA 7 was determined by subtracting the con-
stantr of the thick films.
FIG. 8. Film tensionr versus layer numbeN for thick films For constant temperature E@.1) can be written as
with constant height at 21.9 °C. The numbers at the measured val-
ues show the sequence of measurements. The solid line is calculated A7=K[1l—tani(Nd/l)] (14

with Egs.(1) and (9).
and allows a fit within the experimental error.
The result is shown in Fig. 8. There is a clear influence of ~Figure 9 shows that the temperature dependencerds
the time of measurement on the deviation of the values fronfiot well described by Eq11).
the mean curve. Early measurements result in values above N the experiment the onset of the decrease dbes not
the mean curve. The reason for this effect is the followingdepend on the temperature. Functidd), however, moves
The first film with a large thickness sucks liquid crystal ma-this with temperature. This problem of the theory has already
terial from more distant parts of the edge into the meniscusdeen observed by Picared al.[4] in their study of the con-
After this irreversible process the material is now accessibléact angle between film and meniscus. _
when thin films are drawn. This process reduces the weight Improved theories by Shalaginov and Sullivs] and
of the upper ring with the adhering liquid crystal and in- Poniewierskiet al. [6] take into account the quartic term of
creases the curvature radius of the menisci. Both effects rébe Landau—de Gennes theory and use a better description of
sult in an apparent reduction of the film tension. the surface energy. The dependence of the Landau free en-
The simple model introduced above can also be applied t6rgy on the phasep of the smectic order paramete¥
this experiment. The solid line in Fig. 8 was calculated with = ¥ €xp{¢) can be neglected in the smectic phase. Then the
the parametersV, o/2rR=5.6x10"° mm?, r,=0.3 mm, Landau free energy functional per area has the following
and =31.095 mN 1!, which agree reasonably with the form:
parameters used for the fit in Fig. 6.

o1 (dy\? a , b ,
f(t//)=2f SLlgy Ta¥ + ¢ |0z
IV. MODEL FOR THE SURFACE TENSION IN THIN 0 z
FILMS g
_ 28 2
In ultrathin smectic films pseudo van der Waals interac- 2| ~hsy(DI2)+ 2 YA (Df2)). (15

tions arise from the decrease of orientational and positional ) )
fluctuations[4,19,20. The influence on the film tension is in ¥ is the amplitude of the smectic order parameter. The solu-

the order of tion of the functional leads to the Euler-Lagrange equation
d?y
A 3_
Ar=— , (10) L——ay—hby°=0 (16)
127D? dz?

where A=~ 10 KT is the Hamaker constant. For a two layer with the boundary conditions

film this effect gives only 10% of the observed decrease and dys

the predicted 12 dependence is not observed. d—(O):O, a7
Picanoet al. [4] have studied the interaction of the two z
surfaces of a smectic film with a Landau—de Gennes model d
and find a decrease of the film tensim for very thin films: Ld_llz/(D/z) =he— g (DI2). (18)
aéyl _ _ -
Ar= [1—tanHNd/\/§§)] (11) L, a=ag(Tya—T), b, hg, andg, are the phenomenological
V2 parameters of the model.
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FIG. 9. Film tension decreager versus layer numbe\ for thin FIG. 10. Film tension decreasker versus layer numbeN for
films at different temperatures and fit — — 5 with Eq. (12) with thin films at different temperatures and fit — — 5 with Eq. (21).

the parametersayéoy2/\2=1.92<10"% N/mK and d/(y2£&,)
=3.256. The solid lines are a fit with an improved Landau—de
Gennes theory5,6] (see below The curves have been shifted for  |n contrast to earlier studi¢¥—12 we have found a clear
clarity. dependence of the film tension on the film thickness. The
negative pressure difference between film and surrounding
The contribution of the smectic order to the film tensiongas leads to a nonlinear increase of the film tension with the
Corresponds to the difference between the Landau free efilm thickness. Furthermore, we have observed an increase of
ergy of the film and the bulk: the film tension with the film area. This effect is due to the
limited amount of liquid crystal in the meniscus. An increase
of the film area requires liquid crystal material that leads to a

V. CONCLUDING REMARKS

f(eq) = F(¥b,eq) = Tsm- (19 Gecrease of the curvature radius of the meniscus and an in-
crease of the pressure difference.
Finally, A7 is obtained from thery, values for films with In addition, ultrathin liquid crystal films with a thickness
finite and infinite thickness of N=2-4 smectic layers show an increase of the film ten-
sion with the thickness. This effect is due to an overpressure
A7=75(D) = Tsn(*). (200  in the film, which is caused by the interaction of the two

highly ordered surface layers. In several studies6] Lan-
dau models have been developed, which describe the depen-
) - ence on the thickness very well. However, the temperature
ing method[212]. With hy=0 and reasonable \Z/alues for the gependence of this effect is only predicted qualitatively.
ratio L/a=—¢* we found the best fit fot./bd"=2, a;/b  probably the experimental conditions for application of these
=0.07,9s/bd=—0.3, andbd=0.01N/m. There is a minor models are not suitable. First, Landau—de Gennes theories
improvement(see Fig. 9, solid lingscompared with the fit can only be used in a limited temperature region around a
based on the simple theory. Especially, the error in the temgansition point and our measurements extend up to 15 K
perature dependence is not reduced significantly. below theN-A transition point. Second, the thinnest films

In both theories the decrease of the surface order with thg,died show a thickness of about 6 nm, which is of the order

distance from the surface is described by the coherencgf the coherence length. This should also lead to artifacts in

length &. For a cell thickness of aboutéZhe decrease of  the Landau—de Gennes theory.

begins. The experiment shows no clear dependence of this Fyrthermore, we have used the mean field theories of Mc-

beginning as a function of temperature, whereas @8  willan [22,23 modified by Mirantsey24] and Kranjc and

predicts a temperature dependence. Zumer [25] to describe smectic films. Their theories have
The experimental observation suggests to eliminate thipeen adapted by us to investigate the film tension. We were

temperature dependence with a phenomenological ansatz gt able to describe the temperature dependence of the film

the form tension in ultrathin films with physically reasonable param-
eters, although the theory allows, in general, to study a
Ar=K/(Tya—T) exp(—Nd/l). (21)  broader range of properties.
The whole set of data can be described wiKk=2.936 ACKNOWLEDGMENTS
X 1073 N/m, k=0.316, andd/I =1.007 within the experi- Financial support by the Deutsche Forschungsgemein-
mental error(see Fig. 1D schaft is gratefully appreciated.
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