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Novel dynamical mode in a tilted smectic liquid-crystal film
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We report on light-scattering experiments in the smectic-C phase of a two-dimensional, freely
suspended liquid-crystal film at wave vectors intermediate between pure bend and splay director fluctua-
tions. The dynamic signal reveals the presence of two diffusive modes, one of which is the usual hydro-
dynamic mode for in-plane director fluctuations and one of which has not been previously reported. The
wave-vector dependence of the scattered intensity for the new mode is well described by the selection
rules for out-of-plane fluctuations (undulations) of the film. However, the overdamped dynamics reveal a
nonhydrodynamic and extremely slow decay, in contrast to the usual picture for smectic layer undula-
tions. Near the smectic-C to smectic-I (hexatic) transition, the elastic moduli and decay constants asso-
ciated with the two modes show a remarkably similar temperature dependence.

PACS number(s): 61.30.Eb, 64.70.Md, 78.35.+c

In smectic-C (Sm-C) liquid crystals, it is well known
that fluctuations of the molecular orientations in the
smectic planes give rise to strong nematiclike Rayleigh
scattering. Early light-scattering studies on bulk samples
confirmed this behavior [1], which was first proposed by
the Orsay group [2]. More recent experiments on free-
standing films have studied the so-called bend and splay
geometries in the Sm-C phase, in which the scattering
wave vector q is either in or normal to the plane contain-
ing the director and the layer normal [3-5]. In both
these geometries, a single hydrodynamic mode is found
that corresponds to fluctuations in the orientation of the
in-plane director component n. In this paper, we de-
scribe experiments in which the orientation of the scatter-
ing wave vector is varied between these two geometries at
fixed magnitude () scans). These scans reveal a previous-
ly unreported diffusive mode in addition to the fluctua-
tions of n. The y dependence of the intensity from this
mode leads us to associate it with undulations of the film.
Our results indicate that it is coupled to the in-plane fluc-
tuations. We also show scans where the magnitude of q
is varied at fixed orientation (g scans) and discuss the
temperature dependence of the in-plane elastic constants
and the layer bending elasticity.

The liquid crystal studied in this experiment is racemic
4-(2-methylbutyl)-phenyl-4’-(octyloxy)-(1,1’)-biphenyl-4-
carboxylate (abbreviated 80SI), which has the bulk phase
sequence  isotropic—nematic—Sm-4 —Sm-C —Sm-/
—Sm-J. This material has been extensively studied at
the Massachusetts Institute of Technology using x-ray
scattering [6], light scattering [7], and heat-capacity mea-
surements [8]. Details of the Sm-C to Sm-I transition,
and other properties of the Sm-I phase, may be found in
these references.

In our experimental setup, the sample is illuminated by
an argon-ion laser (A=5145 A) with polarization normal
to the scattering plane. We observe the depolarized com-
ponent of the scattered light at a scattering angle 6 im-
aged onto a photomultiplier tube. The film is maintained
in an atmosphere of 100 Torr of dry nitrogen gas. Tem-
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perature stability is ~5 mK during the y scans. Further
details of our film oven are available elsewhere [7]. Our
scattering geometry is shown schematically in Fig. 1. We
will consider this problem in the coordinate system of the
film, where the equilibrium position of the director is in
the xz plane, with z being defined along the equilibrium
layer normal. In this reference frame, the film remains
fixed and the scattering plane is rotated by an angle x
from the xz plane. The incident wave vector and polar-
ization are given by k; =nk,z and 7; = —xsiny +y cosy,
and the scattered wave vector and polarization are given
by k,=nky(xsin6 cosy +y sinf siny +z cos6) and
=X cosf cosy +y cosfsiny —zsin@ where k,=2m/A

FIG. 1. Experimental geometry used in the light-scattering
experiments. The incident wave vector k; is normal to the
smectic (and film) plane, and light with scattered wave vector k,
is detected. The in-plane component of the director n forms an
equilibrium angle of y with the plane containing the incident
and scattered wave vectors.
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and n is the refractive index of the film.

We begin by describing Y scans in which the oven is ro-
tated between the bend geometry (Y =0°) and the splay
geometry (Y =90°) at fixed 0. In general, the intensity au-
tocorrelation function is made up of two components.
The first mode has a decay time typical of light-scattering
experiments (~ 10 kHz), which we associate with the
usual fluctuations of n; the second mode is a much slower
mode (~1 Hz). Figure 2 displays intensity autocorrela-
tion measurements at four values of y in a four-layer film.
At each point, two correlation functions are taken con-
secutively on our 64-channel correlator. For the first
correlation function, a sample time of ~1-10 usec is
used, while for the second we always use a sample time of
10 msec. The results are combined in a double-
exponential fit, which are the lines shown in Fig. 2. The
inset shows the long-time scale results expanded with the
x =0° data scaled down onto the same plot. No second
decay is observed at y=0° and at y=90°, where the
long-time correlation function is constant. Another im-
portant feature we observe is that the decay time for the
fast mode (7,) is substantially different at Y =30" and at
X =60°, while that for the slow mode () is approximate-
ly the same. In Figs. 3 and 4, we show the )y dependence
of the intensities and linewidths, respectively. The rela-
tively poor determination of I'y=1/7;, comes from the
fits to the slow correlation functions, as seen in the inset
of Fig. 2. Attempts to fit the slow correlation functions
using cumulants or terms to account for possible hetero-
dyning did not produce better results. We also point out
that it was necessary to run the laser at low power during
these scans to avoid overflowing the four-bit correlator at
long sample times. The fits used in these scans will be
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FIG. 2. Autocorrelation functions at Y =0°, 30°, 60°, and 90°
for a four-layer 80SI film in the Sm-C phase at T=102°C. In-
set: long-time scale results expanded with the results at y =0°
scaled down by 0.9. The solid line is a double-exponential fit.
The intensities have been arbitrarily adjusted for convenience of
display.
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FIG. 3. Intensity of scattering from the two modes as a func-
tion of scattering vector orientation y at fixed scattering angle,
0=4°, for a four-layer 80SI film in the Sm-C phase at
T =102°C. The lines are a fit to the two components of Eq. (7).
In the top panel, the intensity of the fast mode is shown fit to
g% /A4, while the slow-mode fit to g% /A, is shown in the bottom
panel. The two intensities are fit to the same parameters. The
solid lines allow for a nonzero coupling, while the dashed lines
fix D, =D, =0; all fits have 0 =0. For clarity, the error bars are
only shown for every third point in the top panel.

discussed further below.

In order to obtain more detailed information about this
new slow mode, we performed a series of scans where we
varied the magnitude of q at fixed orientation. The re-
sults of these scans for Y =30° are shown in Figs. 5 and 6.
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FIG. 4. Linewidth of the two modes as a function of scatter-
ing orientation y at fixed scattering angle, =4, for a four-layer
80SI film in the Sm-C phase at T=102°C. In the top panel, T',
of the fast mode is shown fit to A,(q)/% using the values of A,
derived from the fits in Figs. 3 and 5. In the bottom panel, 'y of

the slow mode is shown fit to a constant value of 1.92 sec™'.
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FIG. 5. Reciprocal of the intensity multiplied by g for the
two modes is plotted as a function of the magnitude of the in-
plane scattering vector g. This is for a four-layer 80SI film in
the Sm-C phase at T =102°C with fixed orientation y=230".
Fits are to the same parameters as in Fig. 3. The solid lines al-
low for a nonzero coupling, while the dashed lines fix
D, =D,=0; both fits have o =0.

In Fig. 5, we show (Ig,)” ! plotted against q,, where
I=(E(0)E(0)) is the intensity of the fast or slow mode.
Downward curvature of the data indicates that the inten-
sity decays more slowly than ¢ 2. The significance of
this will be discussed below. In Fig. 6, we show the
linewidth of the two modes versus g. As expected, the
linewidth of the fast mode has a hydrodynamic behavior,
ry ~g?. However, the slow-mode decay time seems to be
independent of q, both in magnitude (Fig. 6) and orienta-
tion (Fig. 4). Both sets of data indicate a constant value
for T'; of about 1.9 sec”! at T=102°C. This result is
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The first part of Eq. (1) is the usual elasticity associated
with the distortions of the director field, which is analo-
gous to a two-dimensional nematic phase [10]. The
second term is the curvature elasticity of the layers plus a
compressional term (B), and the last part represents cou-
pling between layer curvature and director-field distor-
tions, which reflects how a deformation of the in-plane
director affects the curvature of the smectic planes [9].
Since we consider only thin films, where g, <<27 /I (I is

the film thickness), we may assume that the layers are in-
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FIG. 6. Linewidth dispersion of the two modes at fixed orien-
tation, y =30, for a four-layer 80SI film in the Sm-C phase at
T=102°C. In the top panel, I'; of the fast mode is shown fit to
g% In the bottom panel, I'; of the slow mode is shown fit to the
same constant value of 1.92 sec ! as in Fig. 4.

quite surprising, and we know of no hydrodynamic
theory that accounts for this behavior. However, we may
explain most of the features of the static behavior (inten-
sity) using a model free energy that includes distortion of
the film surface.

We consider a bulk free-energy density for the Sm-C
phase that includes fluctuations in the phase ¢ of the tilt
order parameter ®=®ye’® and undulations of the film
described by transverse displacements of the layers by u.
Here @, is the angle the director makes with the layer
normal, and ¢ is the angle between the in-plane director
component and the x axis. The free energy per unit
volume can be written as [2,9]

96 3¢
dz OJx
2 3 2
1p | 9%
+1iB 32

(1)

compressible and drop partial derivatives with respect to
z. Therefore, in the following, q=q(x,y) represents the
in-plane component of the momentum transfer. de
Gennes [9] has suggested that when ¢,50, the fluctua-
tions of the layers are weak owing to the B term, but in a
thin film where g, is effectively zero, the fluctuations of
the Sm-C director become strongly coupled to the undu-
lation mode so we might expect the final term in (1) to be
significant. Rewriting Eq. (1) in two-dimensional (2D) re-
ciprocal space and integrating over z, we obtain the free
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energy per unit area of the film:
Fyp(q)=1(Kzq2+Ksq)|p(q)|?

+a(qxz—+-qy2)|u(q)|2
+11(C gt +2Cq2q7+Cog) u(q)l?

+31(D g2 +Dyq})lig,u(q)¢*(q) —ig,u*(q)p(q)],
)

where we replaced B,/ and B,! by the more familiar 2D
Frank elastic constants Kz and K, respectively; these
represent the bendlike and splaylike distortions of the in-
plane director field. As the film may be very thin, we
have also added the second line in Eq. (2) to include the
effects of the two free surfaces; o is surface tension at
each surface. In our analysis, we shall neglect this
surface-tension term, and will justify this neglect below.
Near the Sm-C to Sm-I transition, one should also in-
clude the fluctuations of the hexatic order parameter
We=4yge'® [11]. Following Ref. [7], in which it was
found that for thin films of 80SI, 6¢ and ¢ are strongly
coupled, we may take 6c=¢. In that case, the important
part of the free energy for light scattering is the same as
in Eq. (2), with the in-plane elastic constants now defined
in terms of two components,

Kz=K$+K§, Ks=Ki{+K{,

where we use notation consistent with Ref. [7]. K%5 are
the Sm-C in-plane director elastic constants and K &' are
the bond elasticity constants for distortions with q along
and normal to the tilt direction, respectively, for a two-
dimensional system. Theoretically, one expects the hex-
atic (Sm-I) phase to be stable when K >72kp T /7 [12].
This result holds for an isotropic system. Previous results
from 80SI indicate that this condition does not separate-
ly apply to Kz and K [7].

In order to calculate the light scattering, we must diag-
onalize Eq. (2). Since u and ¢ have different dimensions,
this requires a sensible choice of normal-mode coordi-
nates. One possible choice would be ¢ and

= —0Ju /dx = —iq,u, where Q represents rotations of
the director about the y axis or, equivalently, fluctuations
of the tilt angle ®,. This choice, however, leads to terms
in the free energy such as %Cz(q;/q,f)ﬂz(q), which
diverge in specific experimental geometries, e.g., g, =0.
A better alternative is to choose ¢ and Y= —iqyu, where
qo=1q| =k, sinf. With this choice, Eq. (2) may be writ-
ten

Fyp(q)=1a(q)|¢(q)|*+1B(q)é(q)|?
—y(@[P(q)e* (@) +¥*(q)d(q)], 3

where
a(q)=20+(C,lgt+2C,lq2q}+Cylg}) /93 ,

B(a)=Kpq;+Ksq; ,
y(Q)=(D,lg?+D,lg})q,/q, -

We define the normal modes e,(q)=a¢(q)+by(q) and
e,(qQ)=bp(q)—aip(q), with a>+b2=1, such that
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Fyp(@)=1A,(q)le (@) +1Ay(q)le,(q)]* . 4)
Comparison of Egs. (3) and (4) then gives
M=ta+B)—Li(a—Br+4y?]'?,
A=Ya+B)+L[(a—B)r +4y*]'?,
(5)
a_}\,l
[(a“}xl)2+72]1/2 ’

= Y

[(a_}bl)2+y2]l/2 :

We next consider the scattered intensity
I(q)~(|d€;r|*), where 8¢;,=m;8em; and m,, are
defined above. Allowing for fluctuations in the tilt angle
with respect to the z axis, w(q), and fluctuations of the
in-plane director, ¢(q), we obtain

8¢€;r =€, sin®y( cosO sin®; cos2y + sind cosP, cosy )p(q)
—€, siny( cosfsin2d, cosy + sinf cos2P;,)w(q)
=11(0,x,Po)p(q)— f,(0,x,Py)w(q) , (6)

where €, =€,—¢€, and we have ignored the biaxiality of
the Sm-C director. Although we do not allow fluctua-
tions of the tilt with respect to the layer normal, the layer
normal still fluctuates with respect to the z axis due to
undulations so that

o(q)=—iu(q)g, +q,6)~ —iqxu(q)ZZ—xv,b(q) :
0

since (¢)=0. Rewriting 8¢;; in terms of the normal
modes

€, =81(0,X,Pole;(q)+g,(0, X, Poley(q) ,

where g, =af—bf,, g,=bf,taf,, and f,=(q,/
4o)f 5, we finally obtain

I(q)~g3{le (q)*)+g3(ley(q)|*)
kyT kyT
Alq) A(q)

In the last step, we have applied the equipartition
theorem. With our definition of ¥, we have a(q)> B(q),
so by choosing the minus sign for A, in Eq. (5), we find for
small y(q), A,(q)=B(q). We may then associate e,(q)
with the fast mode and e,(q) with the slow mode. We
note here that f,=0 in the bend and splay geometry;
thus we would not expect any scattering from pure undu-
lations at Yy =0° or 90°, in agreement with Fig. 2. This
suggests that the coupling terms D, and D, may be
small.

To gauge the significance of the coupling terms, we
turn to Fig. 3. In this figure, the dashed lines show a fit
assuming negligible surface tension (o =0) and no cou-
pling (D, =D,=0), while the solid lines are fit with cou-
pling. The results in Figs. 3 and 5 are fit simultaneously
using the same parameters. The fast-mode data are fit
equally well with and without the coupling parameters
D, and D,. However, the slow-mode behavior in Fig. 5

=gi——+g3 M
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is improved by including the coupling. As we pointed
out above, the intensity data in Fig. 5 decay more slowly
than g ~2, especially for the fast mode. This can be ex-
plained by the fact that with y=30" and ®,~35°, f, in-
creases with g. On the other hand, f, has a weak ¢
dependence. This, in combination with the assumed
negligible effects of surface tension, explains why the
slow-mode intensity decreases only slightly more slowly
than ¢ ~2. Our model fails to account for the small peak
near Y =65° in the slow-mode Y scan. This peak was ob-
served in all samples we studied. Because the model does
not describe the data well for the slow mode in the region
where g, > g,, our fits are insensitive to Cy,, C5, and D,
and thus these parameters are poorly determined.
The fit in Figs. 3 and 5 yields values of C;//Kp
=3.4(£0.3), D,1/Kz=0.9(%0.5), Ks/Kp
=4.6(£0.4), C,;,/C,;=5.5(%£3.1), C,/C,=75(124),
and D,/D,=0.4(%0.8). For stability, we require Kp,
K, C,, Cy,, and C, to be positive. However, the signs of
D, and D, are undetermined. Stability also requires

Cc}—C,C,<0, C,Kz—D3>0, C,Kg—D3I>0.

We see that the above values satisfy these constraints.

To obtain the temperature dependence of K, K, C,/,
and D/, we fixed the ratios C,,/C,, C,/C,, and D, /D,
to the values given above. Also, to obtain reliable results
for K, it was necessary to fix the tilt angle. We fixed @,
at 32.2° in the Sm-C phase and allowed it to increase to
38.6° in the vicinity of T, in reasonable accordance with
previous bend and splay mode results [7]. The results of
our fits of the fast- and slow-mode intensities to Eq. (7)
are shown in Fig. 7. This figure shows the temperature
dependence of both the in-plane elasticity Kp and the
smectic layer rigidity constant, x=C,/, when ¢, =0, in
the vicinity of the liquid-hexatic transition, T'¢; =~83.6°C.
Here we plot C,/ scaled to Kz for T ~T;, and we find

107" — . : . :

E..i.oi e K
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82 83 84 85 86
Temperature (°C)

FIG. 7. Temperature dependence of Kz and C,/ are shown.
The parameters were determined from fits with &, C,/C,,
C,/C,, and D,/D, fixed, as discussed in the text. The
difference in the left (Kz) and right (C,/) scales indicates
C,l~=~3.5Kg. The dashed line indicates the theoretical isotropic
hexatic stability limit 72kz T'¢; /7 with T¢; =83.6°C [12].
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C,1=3.5Kj for all T over which C, could be reliably ex-
tracted. For T <<T;, we were unable to measure the
slow decay on the correlator due to the small intensity
and large 7,. The dashed line in Fig. 7 indicates the iso-
tropic hexatic stability limit. To account for the simple
scaling of C,! and Ky near T¢; in the present model of
coupled in- and out-of-plane fluctuations, we consider the
renormalization of the layer rigidity due to in-layer hex-
atic ordering. This has been calculated [13] for hexatic-B
films of negligible surface tension:
Yol | Ly MKA mL

A 5§ 167K &
where K is a “bare” rigidity, K 4 is the hexatic stiffness
constant, L is the sample size, and £ is the positional
correlation length. We can use this to estimate the renor-
malization of the rigidity in an anisotropic smectic-/ film
by replacing « by C,, K 4 by the full elasticity for acous-
tic bond-tilt fluctuations, K, =K%+ K. and £ by &,, the
in-plane positional correlation length for g, =0, to obtain

Cl_él— 3kBT1n_L_+iiT—KB IHL . (8)

4wl & 167C, 12 &1

Previous x-ray results indicate that for T'>>T¢,, §;,=10
A and In(L /&,)~16.1 (L =1 cm), while for T << T¢;, we
have 200 A and 13.1, respectively [6]. Thus, the factor
In(L /&;) in Eq. (8) is essentially constant over the range
of T in Fig. 7, and Eq. (8) indicates that the temperature
dependence of C;l should scale simply as Kz, as ob-
served. At high temperature, where K —0 so that
Kz ~K?3, the data of Fig. 7 give C;/ =10~ ? erg, in agree-
ment with order-of-magnitude estimates for the rigidity
constant of a 2D fluid membrane [14].

Until now we have ignored the effect of the surface ten-
sion in our analysis. Since our slow-mode fits are dom-
inated by the functional form of f, and by C, 1, additional
parameters in the free energy coupled to u will have little
effect on the scattered intensity. However, we find that
our results give C;lg?~(10"12X10%)~10"* dyn/cm.
One may take a typical surface tension at a fluid/gas in-
terface to be ~10 dyn/cm. Thus, on first consideration,
the surface tension should dominate the terms in % in our
free energy, and provide the major restoring force for film
undulations. This would give much reduced scattering
and an intensity that is independent of g, contrary to our
observations. However, in our experiment we are dealing
with a thin membrane in contact with a reservoir (the ex-
cess material on the sample holder). Under these condi-
tions, the effective surface tension is enormously reduced,
as has been discussed theoretically in Ref. [15]. This
reference considers a black film with N molecules and a
surface area S, in contact with a reservoir. By minimiz-
ing a Gibb’s free energy of the form

G=Nd¢(p)—u,N ,

K=K—

where ¢ is the free enthalpy density, p=N /S, is the sur-
face density, and pu, is the chemical potential of a mole-
cule in the reservoir, one obtains an equilibrium density
po slightly smaller than the minimum of the free enthalpy
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p*, and a surface tension proportional to

—¢'(pg) =" (p* N p*—py) ,

which is a small number. In fact, this result was obtained
for a two-component lyotropic system, where the volume
fractions of the components may differ slightly in the film
and the reservoir; for a single-component thermotropic
system, we might expect the right-hand side to be negligi-
bly small. These considerations provide a plausible ex-
planation for why the surface-tension contribution to the
free energy of our film is so much smaller than the elastic
curvature energy.

The dynamical behavior of the slow mode, shown in
Fig. 6, remains a significant puzzle to us. The dispersion
relation for the usual smectic-layer undulation mode
would have I'~(C,Ilq}+C,lg}) /7n,p, where 7,y gives the
damping due to the film. This both has a hydrodynamic
dependence on g and, for the ¢’s studied, predicts a very
large T'~10° sec™!. The extremely slow and g¢-
independent decay observed suggests a macroscopic
motion of the film surface, where the dominant damping
could come from the nitrogen gas that surrounds the film.
Yet we would not expect such a motion to produce
scattering at the experimental g~ 10* cm™!, unless,
perhaps, it were coupled in some way to more conven-
tional short-wavelength undulations, whose dynamical
decay was too fast to detect. Another possible origin for
the slow decay would be the diffusion of a yet un-
described textural defect in the director alignment,
perhaps characterized by a gradient in the tilt angle itself,
which could cause a slight buckling of the film surface at
optical ¢g. In this context, we note that the diffusion of
vortex defects in the in-place director field may be expect-
ed to be nonhydrodynamic because of strong coupling to
the dynamics of free disclinations in the bond orienta-
tions [16]. However, the extremely slow time scale for
the diffusion of textural defects, as well as the observed
dependence of the intensity on g and Y, would have to be
explained.

We were not able to construct a model that leads to a
g-independent decay constant (Fig. 6), combined with the
q and Y dependence of the intensity (Fig. 5) predicted by
Eq. (7), for our experimental range of g. Consequently we
do not have a model that satisfactorily explains all of our
static and dynamic measurements. Finally, as Fig. 8
shows, I' for the slow mode decreases sharply with tem-
perature in the vicinity of the liquid-hexatic phase transi-
tion. Interestingly, this temperature dependence is quite
similar to that measured (and also predicted [16]) for
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FIG. 8. Temperature dependence of the two observed decay
constants are shown. In the top panel, the fast-mode diffusion
constant ", /q* is shown, while the bottom panel shows I'; for
the slow mode. These values are derived from the g-scan fits
such as the one shown in Fig. 6.

acoustic distortions of the in-plane bond-tilt field (the fast
mode). Thus, both the elastic modulus and the decay
constant characteristic of the slow mode scale with the
analogous quantities for the fast (hydrodynamic) mode at
T~Tg.

In conclusion, our dynamic-light-scattering experi-
ments on a freely suspended film have revealed the pres-
ence of a previously unreported slow, nonhydrodynamic
mode. The scattered intensity of this mode leads us to as-
sociate it with undulations of the film surface, although
we find that the linewidth of this mode is independent of
g for ¢ =8500-42400 cm ™! in a geometry where it
scatters strongly (y=30°). Experiments over a greater
range of g would be useful, especially for ¢, —0, i.e., near
specular reflection. In that case, one could rigorously
test for the possibility of a nonhydrodynamic component
in the intensity; such geometries could not be studied in
our present apparatus.
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