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A low-frequency torsional oscillator has been used to measure the temperature depen-
dence of the in-plane shear modulus and dissipation of freely suspended films of butyloxy-
benzylidene octylaniline. It has been observed that smectic-B films have a solidlike shear
modulus and that the smectic-B—A transition proceeds in at least two separate steps. The
lower-temperature transition is the bulk melting while the higher-temperature transition

is tentatively identified as surface melting.

PACS numbers: 64.70.Ew

Freely suspended films of smectic liquid crys-
tals with thicknesses from two to hundreds of mol-
ecular layers are proving to be important both in
characterizing bulk smectic phases and as sys-
tems for studying phase transitions in two dimen-
sions.''? In this Letter we report the first me-
chanical measurements of the smectic-B-A tran-
sition in such films. We have used a low-frequen-
cy torsional oscillator to measure the tempera-
ture dependence of the in-plane shear modulus
and dissipation of freely suspended films of butyl-
oxybenzylidence octylaniline (40.8) as a function
of the number of molecular layers. This experi-
ment was motivated by the possibility of studying
melting (i.e., the smectic-B—A transition) as it
evolved from two to three dimensions. We have
made three new observations: (a) Smectic-B
films of all thicknesses have a solidlike response.
(b) The smectic-B-A transition proceeds in at
least two separate steps. The lower-temperature
transition is the bulk melting and is accompanied
by a sharply changing shear modulus and a dissi-
pation peak. The higher-temperature transition,
which we tentatively identify as surface melting,
shows a slowly changing shear modulus and a
shoulder in the dissipation. (c) Finally, both the
shear modulus and dissipation show additional
structure at temperatures below the smectic-B-A
transition for which we have no explanation.

The nature of two-dimensional (2D) melting
and the behavior of the 2D shear modulus p was
recently studied by Halperin and Nelson.® Build-
ing on ideas due to Kosterlitz and Thouless,* they
constructed a dislocation mediated theory of melt-
ing. As in the Kosterlitz-Thouless theory, at the
2D melting temperature T, they predict a univer-
sal jump involving the two Lamé constants, p and
A, which characterize the elastic properties of
the 2D crystal. The shear modulus u itself will
undergo a dicontinuous jump at 7',,. In the limit
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that the unmeasured Lamé constant A >>u, this
jump will be of magnitude u, = 4mkgT, /a2, where
a, is the lattice spacing. In 40.8, a,=5x10"% cm
which gives a predicted jump p, =220 ergs/cm?.
This value can be at most a factor of 2 higher if
the limit A >>p is not satisfied. In addition Hal-
perin and Nelson make the observation that if a
2D crystal melts by the appearance of a small
density of free dislocations, then it should first
melt into the intermediate hexatic phase and tiien
into a 2D liquid. The hexatic phase would have on-
ly short-range positional order but quasi long-
range bond orientational order. It would then be
expected to support a shear.

To measure the shear modulus in liquid-crys-
tal films we constructed the apparatus shown in
Fig. 1. The main element is a high-Q BeCu tor-
sional oscillator. It has a disk-shaped top of ra-
dius R,=0.59 em supported by a 1-mm-diam tor-
sional rod. Attached to the oscillator is a metal
plate that forms part of the pickup and drive ca-
pacitors. In operation a quantity of 40.8, in its
smectic-A phase, was placed around the hole in
the support ring and then, with a glass spreader,
a freely suspended film of the liquid crystal was
drawn across the hole (radius R,=0.70 cm). The
film’s thickness was determined by measuring its
optical reflectivity. In this fashion it was possi-
ble to produce uniform films from two to hun-
dreds of layers in thickness. After a film was
formed the movable oscillator base was raised
by pressurizing a set of three bellows until the
oscillator, wet with liquid crystal, touched the
film, The liquid-crystal film then formed an an-
nular region between the torsional oscillator and
the support ring. A pair of concentric cylinders
with viewing ports (not shown) enclosed the oscil-
lator to control its temperature and environment.
A set of shutters closed the viewing ports to mini-
mize thermal gradients due to radiation losses.
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FIG. 1. The experimental cell. The liquid-crystal
film to be measured is supported between the support
ring and the torsional oscillator.

The oven temperature was regulated to better
than +0.01 °C. The oscillator was phase locked

in the standard way with the high-@ mechanical
oscillator serving as the frequency-determining
element of a feedback loop consisting of an ampli-
fier, a phase shifter, and a zero-crossing detec-
tor. The total perturbation to the oscillator fre-
quency and dissipation due to the liquid-crystal
film was small and the oscillator remained phase
locked throughout the entire 'measurement. In or-
der to enhance the stability of the oscillator the
measurements were performed at a reduced pres-
sure of 5 mm Hg of dry N,. During the course of
a temperature scan (~ 24 h) the films remained
stable and constant in thickness.

The resonant period of the oscillator could be
resolved to 1 part in 10° and the amplitude to 1
part in 10°. The oscillator torsional spring con-
stant K, was calibrated to an absolute accuracy of
5% by placing known masses on the oscillator and
measuring the shift in period. At T,=56°C, the
resonant frequency of the oscillator was 524 Hz
and K,=4.9%X10° ergs. The dissipation @, " of
the unloaded oscillator was determined at 7', by
measuring the 1/e ringdown time with the result
that @,(7;)="770. In the high-Q limit the ampli-
tude A is proportional to the . The amplitude
scale could then be calibrated in terms of the dis-
sipation by use of @ "XT)=Q, (T,)A(T,)/A(T),
where A, is the amplitude of the unloaded oscilla~
tor. At the outer edge of the disk A,=7 A giving
a shear angle of 7TxX10°7 rad. This was well with-
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in the linear response regime that was found to
extend up to A =200 A.°

With the calibrated oscillator, changes in its
mechanical properties due to an applied film can
be related to the material parameters of the film.
In particular, the torsional elastic constant of
the film K is related to the resonant period P of
the oscillator-film system by the equation

P =27 [Io/(K0+KF)]1/2’ (1)

where I, is the moment of inertia of the oscilla-
tor. The moment of inertia of the film I; has
been neglected since I/I,<107® for the films
studied. The 2D shear modulus p of the film is
related to K by

R22 -Rl?‘
I“L=CKF—4,”R12R22KF’ (2)

where the geometrical constant C has the value
0.065 cm~2, Combining Eqs. (1) and (2) we can
express the shear modulus in terms of the de-
crveaSe in period as

1 =~ 2CK (AP/P,), (3)

where P, is the period of the oscillator alone and
AP =P ~P. The predicted jump p, would give a
change in period AP/P,= i, /2CK,=4X10"* which
is within the instrument’s resolution. It should
be stressed that the oscillator is not sensitive to
the presence of a liquidlike phase. The added in-
ertia of a liquidlike phase would increase the per-
iod of the oscillatory but because I, <<I, its ef-
fect would be negligible. For this reason our
measurement would not be sensitive to the hexa-
tic phase which is expected to have a liquidlike re-
sponse at low frequencies.

The temperature dependence of the oscillator’s
period P, and dissipation @,”' are shown in Fig.
2. Coupling a 24-layer film of 40.8 to the oscilla-
tor leads to a new resonant period P and dissipa-
tion @ ! for the oscillator-film system (Fig. 2).
Above 56 °C, the oscillator’s period and dissipa-
tion are unaffected by the presence of the film.
As discussed above, this implies a liquidlike re-
sponse and is the expected result for the smectic-
A phase. The surprising result is that this behav-
ior does not continue down to the bulk B-A transi-
tion temperature at 49 °C. Instead, just below
56 °C, a solidlike response (decrease in period)
is observed indicating that the film has a finite
shear modulus at this temperature. As the tem-
perature is lowered, the shear modulus contin-
ues to increase until it reaches a value u~ 750
ergs/cm?. These changes are accompanied by an



VOLUME 44, NUMBER 22

PHYSICAL REVIEW LETTERS

2 JunE 1980

19101 ﬁ’ IR e
T P 7T S ot
1 [ - o . .
= 900 S 8
2 - I
3 o 6 &
S 1890\~ f 7‘ e
L &‘f S ° o
o s 4
1880 M /
c% 00050,
oy -’ ° 12
BIOf T — ooom—
| 1 1 1 | 1 Il Il | 1 Il | | |
30 40 50 60

T(°C)

FIG. 2. The period (P) and the dissipation @) as
functions of temperature for a 24-layer film. P; and
@, ! are the background period and dissipation of the
empty cell.

increase in the dissipation of the system. At
49 °C (the bulk B-A transition temperature), there
then occurred a sharp increase in the shear modu-
lus accompanied by a peak in the dissipation. Re-
ferring to Fig. 3, we have labeled the tempera-
ture associated with the onset of the shear modu-
lus by T, and the temperature associated with the
sharp increase by T,. For T <<T,, within the
smectic-B phase, the shear modulus saturated at
a value per layer pu; =420 ergs/cm?® This gives
a value for the bulk shear modulus pg=p;/hk
=1.5x10° eorgs/cm3 where % is the layer thick-
ness (28.6 A). The value for 1 is consistent with
the value obtained by ultrasonic measurements
on bulk samples (1z=1.2x10° ergs/cm?).°

To understand better the nature of these transi-
tions at 7', and T',, the temperature dependence
of P and @ "' was measured as a function of film
thickness (Fig. 3). The thinnest film that re-
mained stable enough to be carefully measured
was four layers and we studied films from 4 to
24 layers. For thin films the curves were repro-
ducible on heating and cooling; thick films tended
to thin on heating so that hysteresis effects could
not be checked. For the lower-temperature tran-
sition, it was found that both the total period
change and the dissipation maximum scaled with
the number of layers. This is what would be ex-
pected for the elastic response of a crystal of in-
creasing thickness. Such solidlike response even
for thin smectic-B films supports recent x-ray
measurements on 40.8 which demonstrated that
thick smectic-B films are 3D crystals and thin
smectic-B films are best characterized as 2D

T°C

FIG. 3. The dissipation (upper) and period shift
(lower) as functions of temperature for different num-
bers of molecular layers (N). AR, is the expected
size of the pericd shift corresponding to the discon-
tinuous jump in shear modulus pp . The curves for
N < 24 have been shifted down in temperature such that
the feature at T, coincides for all the curves.

crystals.?

For the higher-temperature transition both the
total period change and dissipation increase were
found to be independent of film thickness. The
fact that it was independent of film thickness, a
solidlike response, and of magnitude approximate-
ly twice the response per layer in the smectic-B
phase [i.e., p(7,)~2p, (T <<T,)] implied that this
feature was a surface transition involving the out-
er layers of the film which remain crystalline to
a higher temperature than the bulk.” The polar
nature of the free surface would tend to orient the
asymmetric molecules preferentially with re-
spect to their long axes (random in the bulk).! Al-
so, the layer (smectic-A) order parameter would
be higher at a free surface as evidenced by an in-
crease in the smectic-A-nematic transition tem-
perature in thin films. A coupling between either
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of these order parameters and the in-plane posi-
tional order could have resulted in its surface en-
hancement.

Other features we observed in going from 24 to
4 molecular layers were an increase in T, of 2
deg and a 1-deg decrease in T,. Also, there ap-
peared to be a third feature (indicated by the un-
labeled arrow in Fig. 3) which is not understood.
At this temperature both the period change and
dissipation leveled off before decreasing at T,.

In summary, we have developed an apparatus
capable of measuring the in-plane shear modulus
and dissipation of thin-smectic films. We have
observed that smectic-B films have a solidlike
shear modulus and that smectic-A films have a
liquidlike response giving further support to the
conclusion that the smectic-B phase, even in thin
films, is a crystalline phase. We have further ob-
served that the smectic-B-A transition proceeds
in two steps. The lower-temperature feature is
associated with the bulk melting and the upper
feature with an enhancement in the surface melt-
ing temperature. Finally, we did not find any evi-
dence for a discontinuous jump in p at either of
the transitions. For the four-layer film (see
Fig. 3) this should have been a 10% effect and was
not observed. Possible explanations include the
finite frequency effects of our measurement or
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impurities in our samples which can cause a coex-
istence of the smectic-A and -B phases. To mini-
mize these problems, dc shear-modulus measure-
ments® and further measurements on more stable

compounds are in progress.
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