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One Nanosecond Photon Correlation Spectroscopy on Smectic Liquid Crystal Films
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We have extended photon correlation spectroscopy down to a one-nanosecond time scale, and applied it
to a study of layer undulations in freestanding smectic-A films of two cyanobiphenyl liquid crystals.
Temporal correlations in the intensity of scattered light reveal an interesting combination of under- and
overdamped modes. The underdamped mode is accurately described by a recently calculated correlation
function of the smectic layer displacement, although its frequency and damping rate exhibit stronger
dispersion at large optical wave vectors than expected from current dynamical models for smectic films.
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The dynamics of fluid molecular membranes are a fun-
damentally significant problem in condensed matter phys-
ics, impacting our understanding of phenomena ranging
from ordering and self-assembly of soft materials all the
way to biological processes in living cells. Despite decades
of development of the hydrodynamic theory of these sys-
tems, light scattering experiments on membrane fluctua-
tions in one of the most basic cases—thermotropic smectic
liquid crystal films—have been mainly confined to either
frequency domain measurements above ~1 GHz, which
probe sound waves in a limit where damping is a weak
effect [1], or photon correlation spectroscopy (PCS) stud-
ies that are carried out in the time domain (typically below
10 MHz or for times = 0.1 usec), and usually designed to
study overdamped fluctuations of the smectic layer orien-
tation when inertia is negligible [2,3]. The interesting
crossover regime, where inertia, damping, and elastic
forces all contribute significantly in the hydrodynamic
description, has proved quite challenging for scattering
experiments.

In this Letter, we report an extension of optical PCS
down to 1 ns resolution, which allows us to determine both
the propagation frequency and damping rate for undulatory
motion of films as thin as a few tens of molecular layers
and out to in-plane wave vectors near the optical limit
(g1 ~ 10° cm™ ). Our work substantially builds on a pre-
vious light beating study performed in the frequency do-
main [4], and on recent results of elegant synchrotron x-ray
PCS [5-7] and neutron spin echo [7] studies, by providing
new detail about the dispersion in g, of the undulation
mode and about the crossover from under- to overdamped
dynamical behavior. We focus on freely suspended
smectic-A films of two cyanobiphenyl compounds, 8CB
and 9CB. The smectic layering in such films is essentially
ideal, with the equilibrium layer planes parallel to the film
surfaces. In thinner films and for sufficiently small ¢ , we
find that the measured time correlation functions of fluc-
tuations in the layer displacement (u), as well as the
resulting g dependence of the frequency and damping
associated with these fluctuations, are described well by
the available predictions from the hydrodynamic theory
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[5-10]. However, this agreement fails at large ¢, , in part
because the effective viscosity for undulations of our
smectic-A films is apparently quite small—at least 10
times lower than values of individual smectic viscosities
previously determined for bulk samples [11,12]—even
though the key static parameter (the film surface tension)
is consistent with prior measurements [13]. As a conse-
quence, higher order terms in the dispersion relations for u
fluctuations are needed to model the experimental results.
Our data also reveal an additional purely overdamped
mode that contributes even for values of g, where the
correlation functions are dominated by film undulations
that are clearly underdamped.

To measure time correlation functions accurately at
nanosecond delays, we designed and constructed a digital
electronic correlator that records photo-pulse arrival times
down to 0.5 nsec from two separate photomultipliers (A
and B), and computes the time cross-correlation function
[(A(0)B(7)) + (B(0)A(7)]/2 with the following channel
layout: 32768 1 nsec channels that can be flexibly binned
to produce longer time intervals, plus 8 sets of 128 chan-
nels spaced by each of the fixed intervals 1, 10, and
100 wsec, 1, 10, and 100 msec, and 1 and 10 sec [14].
The scattered light was split between the two photomulti-
pliers, which have nanosecond rise times. We also con-
structed special amplifier-discriminator circuits with two
thresholds to establish a timing reference on the photo-
pulses as well as a pulse acceptance level. A high speed,
precision pulsed light-emitting diode, which generates a
sharply spiked correlation function, was used to calibrate
zero delay time.

Freestanding smectic films were drawn across a 7 mm
diameter hole in a polished stainless steel substrate and
housed in a specially modified, sealed microscope hot
stage, which was then mounted onto a two-circle goniom-
eter. The film thickness was continuously monitored by
optical reflectivity. The center of the film was illuminated,
at an incident angle of 27.3° with respect to the horizontal
film normal, by a focused 532 nm laser beam, which had a
vertical (ordinary) polarization and a power between 1.2
and 80 mW. Scattering of the same (ordinary) polarization
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was collected at various angles off the specular reflection
[15]. Because the 0 — o polarized scattering is overwhelm-
ingly due to modulations in the surface reflectivity pro-
duced by undulations of the film, the measured time
correlation function of the scattered intensity can be di-
rectly related to correlations of the layer displacement
evaluated at the surfaces [16].

Figs. 1 and 2 show typical correlograms measured for
various ¢ on 90 nm thick 9CB and 240 nm thick 8CB
films in the homodyne limit. Additional data (not shown)
were collected from 230 nm 9CB and 100 nm 8CB films.
For the 9CB films, the temperature was approximately
0.5 °C below the smectic-A to nematic transition, while
the measurements on 8CB films were taken 7 °C below the
transition. With increasing ¢ ; , both the oscillation period
and the damping time characterizing the underdamped
behavior of the data clearly shift to lower 7. At large ¢
in the thicker films, we also observe an apparent crossover
to overdamped fluctuations. In the underdamped regime,
the data reveal more complicated behavior than anticipated
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FIG. 1. Measured time correlation functions of the intensity of
light scattered from layer undulations in a 90 nm thick smectic-A
film of 9CB = 0.5 °C below the nematic phase. Results are
shown for various values of the wave vector ¢, (in cm™!)
parallel to the layers, with an estimated uncertainty in g; of
+300 cm™!. The solid lines are fits to the sum of an under-
damped undulation mode and a separate overdamped mode. Top
panel: A detail of the oscillating region of a correlation function
with 13 resolved peaks. In this case, the solid line is a fit to
Eqg. (1) of the text for a pure underdamped mode (with parame-
ters w = v/Q, T, and Co).

for a single mode. Specifically, there is evidence of beating
with an additional mode: At intermediate ¢, the peak
height of the oscillations alternates as a function of 7 for
the thinner film (Fig. 1), while for the thicker film (Fig. 2),
the oscillations can also be seen to “ride” on top of the
decay of an additional mode.

In order to analyze our data quantitatively, we consider
the layer displacement correlation function that has been
calculated by Chen and Jasnow [10] for the case of an
incompressible, isothermal smectic film. In this limit, tak-
ing z as the layer normal, one finds a pair of modes
coupling the “transverse” component of the molecular
velocity v, = (g v, — q.v))/q to the smectic layer dis-
placement u. The resulting layer correlation function
C, (1) = (u*(0)u(r)) may be expressed as [10]

C,(7) = Coe I cos[v/Qr1 — tan /(T /V/Q)](Q > 0) (la)
Cc,(r) = Cie 7T+ C_e -7 <0). (1b)

Here I' = [03¢” + 7'q142/3° + pA3(Bq: + Kq)/n3]/
2p, Q= (Bg+Kq)ldh +23@* + n'qiai/m)l/
(pg*) — T2, and © = +/|Q] for Q >0, while ['. =T +
JV1Q] for Q <0. The material quantities are the mass
density p = 1 g cm ™3, the layer compression modulus B =
107-10% erg cm ™3, the layer bending elastic constant K =
107® erg cm™!, two combinations of the five characteristic
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FIG. 2. Intensity time correlation functions measured on a
240 nm thick 8CB film = 7 °C below the smectic-A to nematic
transition. The solid lines are fits to a single underdamped
undulation mode plus a purely overdamped mode, whose impact
is clearly seen at intermediate ¢, where the oscillations ride on
top of the additional mode. (In the top curve, both modes are
overdamped.)
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viscosities of a smectic-A phase, n3 and n' = 1| + 1, —
4m5 + 14 — 2ms [17], and a length scale Ap =~ 107% cm
describing molecular permeation between layers. C and
C.. are g-dependent amplitudes given in Ref. [10]. When
Q >0 (i.e., for lower values of ¢ ), the u — v modes
consist of a pair of counter-propagating ‘“‘second sound”
waves. On the other hand, at sufficiently large ¢, where
() <0, these underdamped modes split into distinct, over-
damped elastic and inertial modes (with damping I"_ and
I',, respectively).

For a thin, freestanding smectic film, the dispersion of I"
and () are strongly affected by the surface boundary con-
ditions [5,6,9,10], which introduce the surface tension y of
the film in air and the film thickness d. The boundary
conditions also quantize the component of the fluctuation
wave vector normal to the film, g, into discrete branches
{g.,:n=10,1,2,...}. In principle, the temporal correla-
tions in u contain contributions from all ¢,,. However,
the lowest branch with n = 0 and ¢, = ¢q,( should com-
pletely dominate our measurements, since it corresponds to
undulation of the film with essentially no layer compres-
sion for the values of d and ¢ studied. Quantitatively,
when g7 < B/(yd) ~ 10'2 cm™2, the value of ¢, in the
expressions for I' and € is given by BgZ, = (2y/d)q]
[10], where g, = (277/A)(sinf,; — sin#;) with 0;, 6 repre-
senting the laboratory incident and scattering angles (mea-
sured from the film normal) and A denoting the wavelength
of light in air. Combining these observations with the
theoretical results reviewed above, we then expect to ob-
serve a single underdamped mode when () > 0, and at least
the slower of a pair of relatively fast overdamped modes
when Q) < 0, with

I' = [n5(1 + 2y/Bd) + '(2y/Bd)/(1 + 2y/Bd)
+2pyA3/(n3d)1g} /2p + Tq + O(%) )

Q =2y43 /pd + Qg% —T? + 0(g5). 3)

Here I' and Q are coefficients of higher order (quartic)
terms in ¢, dictated by the detailed surface boundary
conditions [10].

Now let us compare our correlation data to the predic-
tion of Eq. (1). For light scattering in the homodyne limit,
we expect the measured intensity correlation function to be
proportional to C2(7). Then, as shown by the solid line in
the top panel of Fig. 1, Eq. (1a), with three fit parameters
w, I', and C, provides a good description of data taken on
a thin film in the underdamped regime (lower values of
q 1 )- However, at larger ¢ | and particularly for the thicker
film (Fig. 2), we find that a second purely overdamped
mode, whose presence we already noted, is required to
model the data accurately. This mode contributes two more
fit parameters (a damping rate and amplitude) for a total of
five. At the largest g in the thicker film, the film undu-
lations pass into the overdamped regime, as expected from
Eq. (3) where larger ¢ | and d both tend to drive () through

zero. In this case, the solid lines in Fig. 2 are fits to the
slower of the pair of ¥ — v modes in Eq. (1b) (with
parameters C_ and I'_) plus the additional overdamped
mode, for a total of four parameters. (The faster u — v
mode, with damping I',, was not detected.) Thus, the
Chen-Jasnow model, supplemented by an overdamped
mode of unidentified origin, gives an excellent quantitative
description of the data for the full experimental range of g |
and d, and thereby allows us to extract the frequency and
damping parameters for the film undulation mode. These
are plotted for four different films in Fig. 3.

Using Egs. (2) and (3), we fit the experimentally deter-
mined ¢, dependence of w = +/Q and I' (underdamped

regime) or the value of I'_ =T —./[Q] (overdamped
regime). For each film, a single set of four parameters
[the coefficients of the g7 and ¢* terms in Egs. (2) and
(3)] were used to describe both the frequency and damping
data over the full range of ¢ | . We find that inclusion of the
q‘i terms is essential for reasonable fits of the data at large
g (see the solid lines in Fig. 3), particularly as regards
the crossover from under- to overdamped behavior ob-
served in the thicker films. The importance of the q“l terms
arises in part because the measured “‘effective’ viscosity,
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FIG. 3. Dispersion of the frequency and damping for the n = 0
undulation mode in four smectic-A films of the compounds and
thicknesses indicated. The solid lines are fits based on Egs. (2)
and (3), including g% terms. In the thicker films, the crossover to
overdamped behavior (where the parameter () passes through 0)
corresponds to the maxima in the curves for the damping.
(Beyond the crossover, we have set the frequency to zero.)
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Negr = lim,, _oI'/ qzl, is quite small. Indeed, from the fits,
we find 7. = 0.015 g cm ™' s~ ! in the thicker films (both
materials and temperatures) and roughly 40% lower values
in the thinner films. These values are at least 10 times
lower than previously reported for single smectic viscos-
ities in bulk samples [11,12]. On the other hand, we find
vy = 29 erg cm ™2 for the surface tension for all four films,
a value that is reasonably consistent with prior results [13].
Finally, we obtain coefficients for the q‘i terms in Egs. (2)
and (3) of order I' ~ 107'2-10""! and Q) ~ 1073 (in cgs
units).

To explain the small value of 7. and the prominence of
the q‘_‘L terms in the measured dispersion, we first consider a
scenario involving the bulk viscosities alone. From Eq. (2),
we see that 7., given by the coefficient of the qi term,
could be small if n’ <O0. In fact, stability only requires
13 > 0 and ' > —4n; [17]. Then taking the extreme case
n' = —4m3, Eq. (2) gives negr = m3[(1 — 2y/Bd)*/(1 +
2v/Bd)] + 2pyA3/(n3d). For B~ 10"-10% erg/cm?, d ~
1073 cm, and y = 29 dyn/cm, the bracketed term can in
principle approach zero. Since the permeation contribution
is also very small, 7. could be substantially lower than
the individual viscosites. Expanding the simplest form of
the surface boundary conditions [5,6,9,10] to O(g%) gives
the quartic coefficients I' and Q as T' = —n/y2/(12pB2)
and O = 2y(A3 — yd/12B)/(pd). Taking typical magni-
tudes of the parameters (and again ' = —4m;), we esti-
mate values of T'and €) that are both positive (as observed
in Fig. 3), but 10—100 times too low in magnitude. Such a
large discrepancy suggests a different explanation for our
results; namely, the introduction of a distinct surface vis-
cosity [18] for smectic films, to which surface light scat-
tering experiments would be especially sensitive, and a
corresponding modification of the boundary conditions.
The mechanism and consequences of such a ‘“‘dynamic
decoupling” of surface and bulk merit further theoretical
investigation. Finally, as to the origin of the additional
overdamped mode, we wish at present only to note the
following features: that the damping rate of this mode for
g, = 10* cm™!is in the MHz range and appears to depend
only weakly on ¢ ; that the mode is not primarily due to
independent optic axis fluctuations, since we detected no
depolarized scattering; and that for fixed ¢, the mode
makes a more significant contribution in thicker films.

To summarize, we have applied photon correlation spec-
troscopy with nanosecond resolution to the study of layer
dynamics in smectic-A films in the domain where inertia,
damping, and elasticity have comparable impacts. While
the component of the light scattering correlation function
arising from simple film undulations is well described by a
hydrodynamic model that assumes incompressibility and
constant temperature, several features of our results point
to the need for a more complete theoretical analysis of the
dynamics of smectic films.
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