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X-ray diffraction has been used to study the interlayer structure of fluid freely suspended liquid-
crystal films versus film thickness. The observed scattering is described extremely well by a simple inter-
layer density model based on predicted layer fluctuation e, and tilt angle p, profiles. The diffraction data
determine the individual a, 's to about 0.1 A, and the layer fluctuation profiles calculated for the hy-
drodynamic fluctuations agree to this precision. The tilt profiles calculated using a simple elastic theory
are also in excellent agreement with the data.

PACS numbers: 61.30.Eb, 61.10.—i, 68.15.+e, 68.90.+g

Liquid crystals allow us to study systems with sym-

metries and order intermediate between isotropic liquids
and fully ordered crystals. ' Freely suspended liquid-

crystal (FSLC) films have been used to study the two-

dimensional to three-dimensional crossover of the in-

tralayer order in these systems. ' In thin FSLC films,
the influence of the surface is very important: There are
surface-induced phases in the interior of the film that
can be several hundred layers thick, there are surface-
induced tilt changes, and there are monolayer and mul-

tilayer surface-induced freezing transitions. In this
Letter, we describe the use of x-ray scattering techniques
to directly determine the interlayer structure in thin

FSLC films versus film thickness. We show that the
finite size and the surface tension quench the bulk
smectic-layer fluctuations, and that the measured fluc-

tuations are in quantitative agreement ( 0.1 A) with

the Auctuation amplitudes predicted in the companion
Letter. ' We also show that the surface-frozen mono-

layers induce a tilt profile into the interior layers, and

present a simple phenomenological theory for the tilt
profile which agrees with the measured profile.

The x-ray scattering measurements were made using a
triple-axis spectrometer. The monochromator and
analyzer crystals were flat ZYX pyrolytic graphite. To
increase the effective instrument resolution and to
prevent the incident beam from illuminating the film

holder, the monochromator and analyzer in-plane slits
were set narrower than the graphite acceptance. The
resulting longitudinal resolution, AQ, =0.009 /lt

FWHM, was comparable to the corresponding finite-size
FWHM for a 21-layer film. The resolution perpendicu-
lar to the scattering plane, AQ&=0.04 A ' FWHM,
was determined by the out-of-plane slit settings; this
resolution was wide enough to collect all of the out-of-
plane scattering. The x-ray source was a rotating anode
generator operated at 5 kW with a small focus gun (0.3
mmx3 mm). Copper Kal radiation, A, =1.5406 A, was

used; the ECa2 line was blocked by slits placed near the
parafocusing point of the monochromator. To determine

the interlayer density profile, the x-ray scattering intensi-
ties were measured with the momentum transfer Q, per-
pendicular to the smectic layers. To facilitate the mea-
surements at small Q„we used large freely suspended
films (8 cmx1.25 cm) supported by a thin (125 Itm)
stainless-steel aperture. These large films had a layer
mosaic spread of about 0.2' FWHM. To obtain reliable
intensity measurements, all the scans were mosaic aver-
aged.

The liquid crystal, 4-(n-heptyl)oxybenzylidene-4-(n-
heptyl)aniline (70.7), was chosen for this study because
the thickness dependence of its phase diagram has been
thoroughly studied. Experiments were performed at
72.5'C where the film is in a phase, denoted smectic-
I/C, which consists of monolayer 2D hexatic, smectic-I
surface layers on a 2D fluid, smectic-C interior. This
allowed measurements of the effect of the surface-
induced hexatic phase on the fluid smectic-C interior.

All of the measured scattering data can be described
by the simple model shown schematically in Fig. 1. The
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FIG. 1. Schematic illustration of the fluctuations in a 5-
layer smectic-I/C film (see text). The two surface layers are
smectic I and the three interior layers are smectic C. Note the
variation in the tilt angle and in the magnitude of the layer
fluctuations with z.
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FIG. 4. Molecular tilt angle profiles p, for 3- (x), 5- (0),
15- (+), and 35- (0) layer smectic-I/C films calculated using

Eq. (3).

FIG. 5. Layer fluctuation profiles cr; for 3- (&), 5- (0), 15-
(+), and 35- (0) layer smectic-I/C films calculated using the
theory in Ref. 7.

elastic constant associated with the spatial variations of
p(z). Minimizing F with respect to p(z) and solving the
resulting equations, we find

(ps —
hatt ) cosh(z/f)

cosh (D/2&)
(3)

where g= Jcz/cl is the tilt decay length. Equation (3)
assumes that the hexatic surface layers are much stiffer

than the interior fluid layers, c3))Jcqci.
The predicted tilt profile p(z) given by Eq. (3) was

used in the fits. The free parameters in these fits were

ps, hatt, and (. All the data were fitted by a single set of
parameters: ps =25'+ 0.5', hatt =12.5' ~ 1', and
=(1.9~0.1)d, where d is the average layer spacing.
The tilt profiles p; determined by the fits are shown in

Fig. 4. Since the surface smectic-I layers have a larger
preferred tilt than the smectic-C interior layers, the
smectic-C layers near each surface are more tilted than
the interior layers. For thick films, the tilt profile decays
from ps at the surface to hatt in the center. These profiles
also show that thin films are more tilted than thick
films.

As explained in detail in the companion Letter, the
layer fluctuations are dominated by hydrodynamic, long-
wavelength fluctuations, and can be calculated for finite
films using a Landau-de Gennes smectic-2 free energy
modified to include the surface tension. The fits used
layer fluctuation profiles o; calculated using the formal-
ism developed in Ref. 7. The free parameters in these
fits were the smectic elastic constants, B and K, and the
surface tension y. The values obtained from the fits
show that y and P= vBK are well determined —(i.e., the
product of B and K is well determined, but the individual
values are not). The best-fit values were y=25+ 2

dyn/cm, independent of the number of layers, N, and

P(N) given by NP(N) =2Pt+(N —2)Pc, with the sur-
face value pt 11.7+ 0.7 dyn/cm and the bulk value pc
=5.2~0.3 dyn/cm. The fluctuation profiles cr; used in

the fits are shown in Fig. 5. The qualitative features of
these fluctuation profiles are as follows: The surface
fluctuations are suppressed by the surface tension; the
fluctuations increase rapidly over the first few layers
away from each free surface; and the fluctuation profiles
are parabolic near the center of the films.

In conclusion, we have shown that (1) very detailed in-

terlayer structural information can be obtained from x-

ray scattering studies of thin liquid-crystal films. (2)
The observed scattering is described extremely well by a
simple interlayer density model with Gaussian disorder
of the layers. (3) Smectic-I/C 70.7 films have distinct
tilt and layer fluctuation profiles. The tilt profile is in-
duced by the surface-frozen smectic-I phase and is in

quantitative agreement with a simple elastic theory. The
layer fluctuation profile agrees to +'0. 1 A with a direct
calculation' of the hydrodynamic layer fluctuations. In
addition, the surface layers are more tilted and more or-
dered than the interior layers, and the interiors of thin
films are more tilted and more ordered than the interiors
of thicker films.
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