
RAPID COMMUNICATIONS

PHYSICAL REVIEW E MARCH 2000VOLUME 61, NUMBER 3
Temperature variation of film tension measured by a vibrating membrane tensiometer
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We have constructed a vibrating membrane tensiometer that utilizes a phase lock-in technique to track a
resonant peak. This experimental apparatus enables us to obtain the temperature variation of the film tension in
a continuous manner. The film tension of two different liquid crystal compounds has been measured with
resolution better than 0.2%. The results from a 126 nm-thick film in the crystal-B phase of one compound yield
a bulk tension value of 2.5 dyn/cm. We interpret several reproducible features of our tensiometer data in the
context of surface and bulk phase transitions.

PACS number~s!: 64.70.Md, 83.70.Jr
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One of the fundamental goals of surface science is
correlate macroscopic surface phenomena, e.g., adhesion
tergency, friction, and wetting, with the relevant molecu
structure of the surface involved. To effectively address t
issue, knowledge about surface tension is of importance.
cently, employing our flexible-string tensiometer, we ha
found @1# a dramatic effect of single-atom replacement
the surface tension of liquid-crystal free-standing films. T
experimental results demonstrate that the molecular origi
surface tension is localized at the terminal chemical gro
situated at the film/vapor interface. However, because o
resolution limit ~only about 2%! @2#, it is impractical to use
the string tensiometer to study the temperature variation
surface tension in the vicinity of a phase transition.

In the past decade, several tensiometers have been
by various research groups to acquire surface tension
from liquid crystal films @2–6#. In order to achieve much
higher relative resolution in film tension measurements,
have constructed a tensiometer combining two experime
techniques. The first, introduced by Miyano@3#, involves
electrically vibrating a free-standing liquid-crystal film an
measuring the resonant frequencies of vibration. The sec
employed by Agnoletet al. @7#, uses a feedback loop to a
low an oscillator to drive itself at resonance. Our experim
applies this feedback approach to the technique of Miya
allowing us to track the evolution of the film’s resonant v
bration frequency as temperature is varied. In this Ra
Communication we report our use of this approa
with much improved resolution to studies on two com
pounds, n-pentyl-48-n-pentanoyloxy-biphenyl-4-carboxylat
~54COOBC! @8# and 4-hexyloxyphenyl-48-decyloxybenzoate
~HOPDOB! @9#. HOPDOB is one of few compounds o
which temperature variation of surface tension has been
viously reported@9#. The data display a broad anoma
around 53 °C. In the case of 54COOBC, our results enabl
to estimate mass density change through the smectA
(Sm-A) – hexatic-B~Hex-B) transition as well as the film
tension in the crystal-B (Cry-B) phase. Also, previous hea
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capacity data@8# from thick free-standing films allow us to
identify a broad hump to be related to the surface hex
order.

Our basic experimental approach is the following. T
film is prepared across a circular hole~0.635 cm in radius! in
an electrically grounded stainless steel plate. The plat
contained inside a sealed, two-stage temperature-regu
oven in a helium environment of about 100 mTorr. By em
ploying a feedback system, the pressure is regulated
within 1 mTorr. Reducing the helium pressure will decrea
its contribution to the total effective mass per unit area of
film. Some helium exchange gas, however, is needed to
vide a sufficient thermal link between the free-standing fi
and the heating wall. An electrode, placed roughly 5 m
below the film, is driven with a sinusoidal voltage~frequency
v! of approximately 75 V rms. The film, which is dielectri
in nature, responds to the oscillatory field and vibrates
laser beam reflected from the film is aimed at a posit
sensitive detector. The amplitude of the signal from this
tector is a measure of the amplitude of oscillation of the fil
Miyano @3# demonstrated that such a film could be effe
tively modeled as the classic vibrating membrane. The so
tion to the equation of displacement perpendicular to the fi
plane isz(r ,f)5Jn(kr)exp(inf). Here (r ,f,z) are the cy-
lindrical coordinates of the film.Jn(kr) is the Bessel func-
tion of ordern andk5v(mA /g)1/2. For a film of radiusR, of
mass per areamA and under tensiong, the resonant fre-
quency,v r , is given by themth zero point of theJn’s ~de-
noted here asan,m) such that

Rv r~mA /g!1/25an,m . ~1!

By measuring the amplitude of vibration as a function of t
driving frequency, the positions of the resonant peaks can
determined. Figure 1 shows two such scans that we m
with the compound 54COOBC in the bulk Sm-A ~a! and
Cry-B ~b!. The first three resonant peaks, designated
(n,m), are shown. Knowing the radius of the film, one c
then easily determine the ratiomA /g from Eq. ~1!. We will
assume that the tension is the sum of two terms,

g5gB12s, ~2!
e,
R2192 ©2000 The American Physical Society
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wheregB is the bulk tension,s is the surface tension of th
film, and the factor of 2 is included due to the two fre
surfaces. Notice that a measurement of resonant frequen
a function of temperature for a given film is sensitive
changes in the surface tension, bulk tension, and densit
the material. Also notice that in a fluid phase, the bulk te
sion is zero and the sole source of film tension is the surf
tension.

One concern with our experimental approach is a
damping effect the helium might have. Miyano@3# studied
this effect as a function of helium pressure from 40 mTorr
1 Torr and found that the resonant frequencies were inse
tive to pressure at 100 mTorr and below. We also confirm
this observation; as will be seen, our measurement give
indication that the helium at 100 mTorr is significantly a
fecting the measured frequencies. By identifying reson
peaks, Miyano measured the change in the ratiog/mA as a
function of temperature in the compound butyloxybe
zylidene octylaniline~4O.8!. Despite the elegance of thi
measurement, the temperature resolution of such an
proach is seriously limited by the time necessary to mak
frequency scan. Usually it took about 5 min to complete
scan of a single resonant peak Under this circumstance,
a modest temperature-variation study can be prohibitiv
cumbersome. For instance, simply gathering frequency
over a temperature range of 10 K with 100 mK resoluti
would take more than 8 h.

To deal with this drawback and improve experimen
resolution, we employed phase sensitive feedback loop t
niques. Figure 2 displays a schematic of the circuit. T
configuration allows the system to drive and track itself
resonance. After a current to voltage converter, the sig
from the position sensitive detector is fed to the differen

FIG. 1. The first three drumhead vibration modes in a fr
standing 54COOBC film (thickness5112 nm, radius50.635 cm,
and pressure5100 mTorr).~a! T561.3 °C~closed squares! and~b!
50.1 °C ~open circles!. The numbers in the parentheses~n,m! des-
ignate themth zero point of the Bessel function ofnth order.
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preamplifier of a Princeton Applied Research~PAR! 124
lock-in amplifier ~LIA !. The signal monitor of the LIA,
which outputs a sine wave at the film’s vibrational fr
quency, is used to trigger the reference channel of the s
lock-in amplifier. The reference channel outputs a const
amplitude sinusoidal wave at this trigger frequency. The r
erence output signal is then, in turn, used to drive a bipo
operational power amplifier that provides the driving elect
field to the electrode. This reference signal is also fed t
frequency counter from which a computer takes the read
Notice in the schematic that the signal monitor output is b
amplified and phase shifted. It is amplified with a low-noi
band-pass amplifier because the LIA’s maximum output
this channel~;200 mV! is not large enough to effectively
trigger the reference channel. It is phase shifted beca
theoretically, the driving signal and the film’s vibration a
90° out of phase at resonance. For the feedback loop to w
properly, the reference channel must respond to the fil
vibration with a signal that is in phase with that vibration. A
adjustable phase shifter is used to account for the 90° shi
well as any other lags associated with the circuitry. Also n
that the band-pass filter of the LIA’s input channel is set t
small Q value ~55! to avoid additional phase shifts in th
feedback loop as the resonant frequency changes.

In our experiments, we tracked and measured the~0,1!
~see Fig. 1! resonant frequency as a function of temperat
for a given film. The following approach was chosen. Aft
preparing a uniform film, the peak~0,1! was identified using
a scan similar to Fig. 1. Four consecutive scans were
formed and the data fit to a Lorentzian in order to determ
the resonant frequency with resolution better than 2 Hz. T
feedback loop was then implemented and the phase sh
was adjusted so that the system was locked on the reso
frequency. We then simply recorded the frequency of vib
tion and the temperature of the film plate while ramping t
temperature of the oven’s inner stage. The response of
feedback loop was sufficiently fast and did not impose a
limitation in the rate of gathering data. To give our expe
ment a critical test, we made measurements on a compo
in which a distinct feature in surface tension had been es
lished through another technique. Thiemeet al. @9# measured
the surface tension as a function of temperature in bubble
the compound HOPDOB from 45 °C to 75 °C in the bu
smectic-C (Sm-C) phase. Their data show a noticeab
change in the sign of the slope at around 53 °C. Based on
bulk transition temperatures@9# of this compound, we do no

-

FIG. 2. Schematic of the electronic feedback circuit whi
tracks and drives the vibrating membrane on resonance.
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expect there to be any bulk tension~i.e., the compound is in
a fluid state! nor any anomalous changes in density at t
temperature. Therefore, from Eqs.~1! and~2! a measuremen
of the ~0,1! resonant frequency should effectively be a me
sure of the surface tension. Figure 3 shows our measurem
for an HOPDOB film of purple color. Qualitatively, we hav
a similar change in slope at the same temperature as Th
et al. To assure ourselves that these two data sets are
quantitatively consistent, we checked two things. First, us
Thieme’s value of surface tension, our value of frequency
nominal density of 1.0 g/cm3, and a nominal ordinary index
of refraction of 1.5, we calculated the optical thickness of
film from Eq. ~1!. The calculated value of 530 nm~optical
thickness! is consistent with the observed purple color of t
film. The corresponding film thickness is about 350 nm. T
second check was to compare the percent change in su
tension per degree between 55 °C and 60 °C in the two m
surements. The two were consistent to well within the d
scatter. The consistency between these two very dissim
measurements of surface tension is also an indication tha
frequencies we measure are not significantly affected
damping from the helium exchange gas in our reduced p
sure regime. Besides being an assurance of the validit
our method, our study of HOPDOB also demonstrates
dramatic improvement in resolution that this experime
brings to the measurement of surface tension as a functio
temperature in free-standing films. The data scatter on
vertical axis in Thieme’s data is roughly 2%. From Fig.
our scatter is smaller than 0.2%. We can also make one
ditional comment about the HOPDOB data. Usually the s
face tension will decrease as temperature increases. Th
crease found between 48 °C and 54 °C~Fig. 3! indicates
surface enhanced order. Even though the film is in the b
Sm-C temperature range, we believe that there is an onse
surface Cry-B order near 54 °C. Other experimental prob
~e.g., x-ray scattering! are required to characterize the natu
of this transition.

After establishing the resolution of our tensiometer,
also made measurements on the 54COOBC compound
have identified three reproducible features in runs from th
different 54COOBC films. Figure 4 displays one of the
data runs. Again, the data scatter is better than 0.2%.
interpret the data features based mainly upon comparison
our previous heat-capacity measurement from a th

FIG. 3. Temperature variation of resonance frequency obta
from a HOPDOB film. The film thickness is 354 nm. The slo
change in the vicinity of 53 °C suggests a surface transition
discussed in the text.
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54COOBC-film @8#. The first feature is a broad step ne
55 °C. Heat-capacity data indicates the bulk of the film u
dergoes the Sm-A– Hex-B transition at this temperature
Since both the Sm-A and Hex-B phases lack long-range po
sitional order, we believe our data are showing the chang
density of the material associated with this transition. As
temperature decreases and the film becomes more ord
the molecular packing becomes more efficient. Thus,
mass density (mA) increases and from Eq.~1! the resonant
frequency decreases. Using the measured value
54COOBC’s surface tension~20.5 dyn/cm@2#!, we estimate
that the density of the film increases by 0.6%. A compara
change in density was previously obtained from x-ray@10#
and optical reflectivity @11# measurements through th
Sm-A– Hex-B transition in thin free-standing films of othe
compounds. The second feature is the pronounced incr
in frequency at roughly 52.5 °C. Although we do not sho
data below 51.5 °C in this particular run due to a film ru
ture, we have several data sets which show that the reso
frequency levels off at this temperature. We believe t
overall increase in frequency is due to the bu
Hex-B– Cry-B transition. A transition from a noncrysta
phase to a crystal phase introduces a contribution to the
tension in Eq.~2! and thus a significant increase in resona
frequency. Again takings520.5 dyn/cm and assuming tha
the density remains the same through this Hex-B– Cry-B
transition@12#, we estimate the bulk tension to be 2.5 dy
cm. Third, around 63 °C, and similar to the result shown
Fig. 3, the slope of the resonant frequency curve show
sign-change from positive to negative. This is a clear indi
tion of the onset of surface order. By comparison, our pre
ous heat capacity data from thick free-standing films show
a surface Sm-A– Hex-B transition at 63.5 °C@8#.

We can also point out that the data acquired in Fig. 4
continuous feedback loop are in fact consistent with discr
spectral scans collected at different temperatures. Figu
exhibits three resonance-peaks in a 54COOBC film at
temperature above and at one below the bulk Hex-B– Cry-B
transition. As was the case with the temperature data,
positions of the resonance peaks are increased at the l
temperature, further substantiating the effectiveness of
feedback loop.

d

s

FIG. 4. Temperature dependence of resonant frequency obta
from a 54COOBC film. The film thickness is 126 nm. The smoo
change in the vicinity of 55 °C and an abrupt change near 52
indicate the bulk Sm-A– Hex-B and Hex-B-Cry-B transitions, re-
spectively.
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In summary, we have constructed a vibrating membr
tensiometer capable of measuring changes in ten
of a free-standing liquid-crystal film with relative resolutio
of 0.2%. In addition, the feedback approach reduces
time associated with finding a resonant frequency
practically zero, allowing greatly improved temperatu
resolution. We first tested the system on HOPDOB,
compound that had been studied thoroughly by ano
technique. The results were consistent with each ot
We then made measurements on 54COOBC, revealing t
en
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distinct features associated with various phase transition
the film.
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