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Abstract

The fluctuations in freely suspended smectic-A films have been studied using specular and diffuse X-ray scattering.
Such films thin layer-by-layer above the bulk transition temperature of the smectic-A—nematic phase transition. The
electron density profiles obtained from specular reflectivity demonstrate that thinning originates from nematic layers
being expelled from the interior of the film. In addition, using diffuse scattering the spectral dependence of the
displacement—displacement correlation function could be measured down to molecular dimensions, with a (2 + 2)
scattering geometry at a synchrotron source. At long in-plane length scales the fluctuations of the smectic layers were
found to be conformal; i.e. top and bottom of the film fluctuated in unison. However, at increasing wave vector transfers,
conformality was progressively lost. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Diffuse X-ray scattering; Liquid crystalline films; Thermal fluctuations

1. Introduction

Smectic-A (SmA) liquid crystals are uniaxial sys-
tems possessing long-range orientational order. In
addition, the molecules are on average arranged in
equidistant layers, while the translational order is
liquid like in the other two directions. Since such
a system is at its lower marginal dimensionality, the
positional order is not truly long range but decays
algebraically with position as r~". The fluctuations
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of the smectic layers are responsible for the absence
of true long-range order: if u(r) is the layer displace-
ment from its equilibrium position, {u?(r)) is found
to diverge logarithmically with the sample size
(Landau—Peierls instability) [1]. In practice, it is
difficult to observe the loss of long-range order
because of the slow logarithmic growth of the fluc-
tuations with the size of the sample [2].

The layered structure of smectic liquid crystals
allows the existence of films, which are freely sus-
pended over an aperture in a frame. These films
have a well-controlled size and high degree of uni-
formity, with thicknesses varying from two to over
hundreds of layers. This makes them ideal model
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systems for the investigation of the crossover from
three-dimensional to two-dimensional behaviour,
as well as the influence of the surfaces on the phys-
ical properties [1]. Due to the surfaces such films
can be stable above the bulk transition temperature
of the SmA to the nematic (N) [3] or isotropic (I)
[4] phase transition. Instead of rupturing at
the bulk phase transition the films lose layers in
discrete steps as a function of temperature. We
have investigated freely suspended films close to
a second-order bulk SmA-N phase transition
using specular reflectivity, which probes the
laterally averaged density profile through the film.
This allowed us to ascertain the profile of the
total fluctuation amplitude, o, in the film just
before thinning. This amplitude depends on the
collective displacements of the layers as well as
the motion of individual molecules within the
layers. A strong enhancement of the fluctuations in
the centre of the film as compared to those at the
surfaces was observed with fluctuation amplitudes
of up to 10A in the interior. These results support
models that assume that upon thinning a molten
layer is expelled from the interior of the smectic
film.

Recently, the thermal fluctuations of freely sus-
pended films have been studied using diffuse scat-
tering [5], which allows the determination of the
interlayer displacement—displacement correlation
function C(R, z,z') = <u(R, z) u(0,z')), where R is in
the plane of the film and z along the film normal.
This function describes the behaviour of the ther-
mal fluctuations, which depends on the surface
tension (y) and the elastic constants for compres-
sion (K) and bending (B) of the smectic layers [6].
At long in-plane length scales these fluctuations
were found to be highly correlated, as a result of
the slow algebraic decay of the interlayer density—
density correlation function. Thus, all the layers
fluctuate conformally, i.e. they undulate in unison
and C(R, z,z') decays logarithmically with decreas-
ing R. In this case the diffuse scattering is the
coherent superposition of scattering from each
layer. On the other hand, for R < R, ~ 2./LZ [5],
where 1 = ./K/B and L is the thickness of the
film, conformality is expected to vanish, starting
between top and bottom of the film. The use of
a (2 + 2) grazing incidence scattering set-up [7]

allowed measurements of the displacement—dis-
placement correlation function from mesoscopic
down to molecular in-plane distances R. The use of
this set-up, in combination with a parameter choice
that leads to relatively large values of R, allowed
the first observation of the crossover from conform-
al to independent thermal fluctuations of the smec-
tic layers.

In the next section, the liquid-crystal is investi-
gated and the experimental conditions are in-
troduced. Section 3 describes the layer-by-layer
thinning results, while in Section 4 the results of
the diffuse measurements on the crossover to non-
conformality are presented.

2. Experimental

The compound investigated is 4,4'-dihep-
tylazoxybenzene (7AB), with structural formula
C;H,5-®-N,0-9-C,H;s. The bulk phase se-
quence is Cryst32.4 SmAS52.9 N69.9 I (tempera-
tures in degrees centigrade). The SmA-N phase
transition [8] is second order. At such a transition
the compressional elastic constant B is expected to
vanish, or reach a finite small value [1]. 7AB was
obtained from Frinton (Vineland, USA) and was
recrystallized several times. The freely suspended
films covered an area of 28 x 10 mm? determined
by four knife-like blades of a rectangular hole in
a steel holder. The sample holder was mounted in
a cylindrical two-stage oven, which was evacuated
and sealed. The thinning experiment has been per-
formed on two films, with original thicknesses of 28
and 46 layers. The films were heated in steps of
0.10°C and allowed to equilibrate at each thickness
for at least an hour. No thinning was observed over
periods of days when the temperature was constant.
Nor did the films thicken when the temperature
was lowered. The diffuse X-ray scattering measure-
ments were performed at 52.2 + 0.1°C, far enough
from the bulk SmA-N phase transition to avoid
loss of layers during the experiment.

The layer-by-layer thinning was studied using
specular reflectivity on an in-house X-ray set-up,
as described in Ref. [5], using X-rays with wave
number |k| =4.07A . The conformality experi-
ment was performed at the beam-line BM32 at the
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Fig. 1. The scattering geometry in a ‘2 + 2’ surface diffraction
set-up with specular scans along g, varying o and f with respect
to the sample surface while keeping them equal (6 = ¢ =0),
transverse scans varying ¢, at fixed ¢. (o = ), in which the
detector is moved out of the scattering plane over an angle 9,
while rotating the sample over ¢ = 9/2 and finally scans parallel
to ¢, at an offset g,.

European Synchrotron Radiation Facility ESRF
(Grenoble, France), with k| = 9.12A° 1. Using
a so-called (2 + 2) surface X-ray diffractometer [7],
as shown in Fig. 1a, the diffuse intensity has been
measured by moving the detector and sample out
of the plane of specular reflection, while the angles
of the incoming and outgoing wave vector were
kept constant with respect to the sample surface.
Similar geometries have recently been used to per-
form diffuse scattering measurements of multilayers
[9] and amphiphilic films [10]. Three scan types
were used: specular scans, diffuse scans parallel to
the specular rod and transverse scans perpendicu-
lar to the specular rod; in all cases ¢, = 0. In
reciprocal space specular scans probe the scattered
intensity along g, with g, = 0. Transverse scans
probe the scattered intensity along g, at fixed g..
Finally, in the third type of scans scans ¢. is varied
at a constant offset g,. All scans are background
subtracted, where the background was measured in
scans with no film present. This gave a dynamic
range larger than 2 x 10'°. The data were corrected
if the footprint of the beam was larger than the
sample, for the changing illuminated sample area
visible by the detector, and for the polarization
factor [7].

The out-of-plane grazing incidence (2 + 2)-scat-
tering set-up does not restrict the accessible

in-plane g-range, which is in contrast with the con-
ventional two circle diffractometer set-up for diffuse
scattering, where ¢, is varied by rocking the sample
in the beam. Then a limited in-plane g-range is
accessible before the sample blocks either the inci-
dent or exit beam. The adapted scattering geometry
at a synchrotron source allowed the measurement of
the diffuse intensity up to g, ~ 1.6 A~1, correspond-
ing to lateral molecular dimensions (=~ 4 — 5/0%).
Furthermore, transverse scans with large in-plane
momentum transfer g, could be measured at small
q. where the scattered intensity was high. Thus, both
correlations between neighbouring and next nearest
layers at g, = qo and q. = q,/2, respectively, could
be probed, where g, indicates the Bragg-position.
This in contrast with the set-up used in Ref. [5],
where the maximum in-plane momentum transfer,
corresponding to ¢, ~ 0.022 A~ could effectively
be reached at the second Bragg peak where the
intensity is low. Note that correlations in ¢, and
g, are equivalent, as the SmA samples are uniaxial
along the z-axis.

3. Thinning transitions

Fig. 2 shows the temperature of melting Tya(N)
of a N layer film. As a function of temperature,
melting occurred as a series of discrete transitions.
Both the 46 and 28 layer film thinned layer by layer,
although only one thinning transition has been
measured for the 46 layer film. The 46 layer film lost
a layer at 0.9°C above the bulk-phase transition,
while the thinnest measured film of 12 layers was
stable up to 10°C above this transition. Note that
films with an even number of layers thin layer by
layer as well, although in this case two neighbour-
ing inner layers are equivalent.

Reflectivity curves for a 24 layer film at, respec-
tively, 11.6°, 4.4° and 0.1°C below Tya(24) =
56.3°C are displayed in Fig. 3. Besides this data the
specular reflectivity of a 12 layer film at 63.2°C,
0.1°C below T'xa(12), is shown in this figure. The
solid line fits are calculated with the reflectivity
program SPEEDO [11]. The positions of the
Bragg peaks and the Kiessig fringes in the specular
reflectivity curve fix d and N, respectively, where
d = 28.75 + 0.05 A. The insets of Fig. 3 show the
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Fig. 2. The number of layers of a freely suspended film versus
Tna(N), the highest temperature where the N layer film is stable.

profile of the total amplitude of the fluctuations,
or layer roughness, in the film as obtained from
the fits [12]. The fluctuations are strongly en-
hanced in the interior of the film as compared to the
surfaces.

The layer thinning data can be described by
a simple power law of the form N(t) = [ot ™", where
t = [Tna(N) — To]/T, [3,4]. Fig. 2 shows a fit of
this power law to the experimental data, which
yields the following parameters: [, =4.9 + 0.3,
v=0.68 +0.03, and T, = 52.10 4+ 0.05°C. The
value for the exponent can be related to &), the
correlation length of the smectic order parameter
in the direction parallel to the director [3]. The
temperature dependence of &£ is also described
by a power law with an exponent v. The value
obtained for 7AB is in excellent agreement with the
critical exponent determined earlier using a Frée-
dericksz transition technique [13]. It also agrees
well with the exponents determined by layer-by-
layer thinning experiments [3,4] on other com-
pounds. However, in the case of a second-order
SmA-N phase transition T, should be equal to
Tna whereas our T is 0.8°C lower. This discrep-
ancy is the consequence of the absence of accurate

thick-film data. Inclusion of an only roughly deter-
mined single thinning temperature for a 100 layer
film gives Ty = Tya £ 0.07°C, but introduces a lar-
ger uncertainty in v.

Qualitatively, Fig. 3 shows that melting starts in
the interior of the film, for the Bragg peaks disap-
pear upon approaching Tya, while the amplitude of
the Kiessig fringes is constant. This has been
a natural assumption in most theories of layer-by-
layer thinning [14], which, however, has not been
substantiated experimentally before. The enhanced
order at the surfaces of the film is quite distinct in
the electron density profiles shown in Fig. 4. In our
analysis the melting can be described as a diver-
gence of the amplitude of the total fluctuations, as
shown in the insets of Fig. 3. While the amplitude
of the fluctuations in the surface layers of the film
remains relatively constant at a value of approxim-
ately 3.5 A, it increases in the centre from 5.4 to
93A upon approaching Txa(24). In the latter case
the film is still 0.1°C below the thinning temper-
ature. The data of the 12 layer film in Fig. 3 gives
fluctuation amplitudes up to 11.2A in the interior
layers. These profiles depend on both the contribu-
tion of the thermal layer fluctuations and the un-
correlated local molecular disorder: ¢2, = 6> +
ot where ¢ = (u?(0,z)»*2. Specular reflectivity
cannot separate the two contributions, however.
As expected the data could be fit using the same
molecular form factor at all temperatures for both
film thicknesses. This strongly suggests that the
disappearance of the second-order Bragg peak is
primarily due to the profile of the fluctuations. In
conclusion, the layer-by-layer thinning experiment
clearly demonstrates a divergence of the amplitude
of the fluctuations in the interior of the film upon
melting.

4. Crossover to loss of conformality

In order to study the correlation in the thermal
fluctuations we continue with the diffuse X-ray
scattering experiment. The specular and diffuse lon-
gitudinal scans for the 24 layer film are presented in
Fig. 5a. At small g, the film is conformal and the
diffuse scattering is the coherent superposition of
scattering from each layer, showing maxima and
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Fig. 3. Specular reflectivity curves with a solid line fit to the data for a 24 layer film at 45.0°C, 52.2°C and 56.2°C, where T'xa(24) = 56.3°C,
and a 12 layer film at 63.0°C, 0.1°C below T'xa(12). The inset shows the total amplitude of the fluctuations in the film.

minima at the same positions as the specular reflec-
tivity [15]. The disappearance of the interference
fringes with increasing g, indicates that the top and
bottom of the film no longer fluctuate in unison.
This disappearance is more apparent in the en-
largement of a smaller g.-range in Fig. 5b. The

persistence of the Bragg peak up to g, = 0.0414 At
(R ~ 150 A), however, shows that lateral correla-
tion between adjacent layers still exists. The
broadening and weakening of the Bragg peak re-
veals that with increasing in-plane momentum
transfer more layers fluctuate independently and
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Fig. 4. The electron density profile in a 24 layer film at 45.0°C,
52.2°C and 56.2°C, respectively. The bottom two curves are
shifted.

thus less layers are contributing coherently to the
diffuse signal.

Additional information about the displacement—
displacement correlation function can be obtained
from the transverse diffuse scans. Scans were done
across the first Bragg peak (q,), across a sub-har-
monic of the Bragg peak (0.5¢,) and at an inter-
mediate interference fringe (0.7¢,). Transverse scans
for a 100 and a 24 layer film of 7AB are shown in
Fig. 6. At small g, the slopes of the transverse scans
are approximately parallel at all ¢,, therefore
all the layers are fluctuating in unison. The devel-
opment of different slopes in the various scans is the
signature of loss of conformality of the thermal
fluctuations with increasing in-plane momentum
transfer. The slopes are still very similar, even for
R <R, at the Bragg peak and at the sub-
harmonic, in particular, for the 100 layer film. Here
the dominant contributions to the diffuse scattering
are from lateral correlations between adjacent and
next nearest layers, respectively. This indicates that
lateral correlations between adjacent and next
nearest layers persist down to molecular length
scales. At the same time the very different slope of
the scan at ¢, =0.7q,, where only correlations
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Fig. 5. Specular (¢, = 0, upper curves) and diffuse longitudinal
scans for a 24 layer film with from top to bottom g, =0,
gy, = 0.0064A71, g, = 0.0191 A" and g, = 0.0414 A~ " for a 24
layer film. Curves have been shifted for clarity; (a) g.-range up to
Bragg peak; (b) a magnification of small ¢, range.

between more distant layers are constructively in-
terfering, confirms that conformality between top
and bottom of the film is lost. For short in-plane
distances (R <40 A) the diffuse intensity seems to
decay logarithmically with decreasing distance.
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Fig. 6. Transverse diffuse scans for (a) a 100 layer film; (b) a 24
layer film, at the positions ¢, = 0218 A- Y(qo) (dots),
¢. = 0.109 A~1(0.5¢,) (crosses) and g, = 0.152A~1(0.7¢o) (tri-
angles).

In this regime of short lateral distances correlations
between individual molecules are probed.

A critical comparison of the data to continuum
theory [6,5] has been presented in Ref. [12]. Al-
though, the fits show the same general trend as the

data, at larger g, considerable deviations exist, es-
pecially for the 100 layer film. In general, it was not
possible to fit the whole set of scans in Fig. 5 with
one value for g),.. A possible explanation might be
in the results of Fig. 3, which indicates a strong
profile of . For the obtained values of B, K and
y [12] the amplitudes of the thermal fluctuations, o,
are 3.4 A at the surface and 3.7 A at the centre of
the 24 layer film. Therefore, the thermal fluctu-
ations hardly have a profile. Thus, using
o2, = 0i + o2, the profile is mainly due to the
local disorder with amplitudes of 5.3 and 09A at
the interior and surface of the film, respectively.
This strongly suggests the existence of a profile in
the smectic order parameter. However, B is propor-
tional to the square of the smectic order parameter
[1]. Therefore, a profile of B in the film would not
only influence the profile of the local fluctuational
amplitude in the film, but also the correlations
between the fluctuations. Such a profile of B has
not yet been incorporated in the present continuum
models, which could explain the discrepancies be-
tween theory and experiment.

5. Conclusions

X-ray specular reflectivity of freely suspended
SmA films indicates a strong enhancement of the
amplitude of the fluctuations in the interior of the
films near thinning transitions, and proves the ori-
gin of melting to be in the interior of the film. Using
diffuse X-ray scattering a crossover from conformal
to independent fluctuations was observed in such
films. The adapted scattering geometry for diffuse
scattering at a synchrotron source, allowed us to
determine the in-plane wave vector dependence of
the hydrodynamic (collective) fluctuations down to
in-plane length scales comparable to the lateral
distances between molecules (R ~ 4-5 A). At de-
creasing length scales conformality between top
and bottom of the film was progressively lost.
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