
VOLUME 79, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 3 NOVEMBER 1997

noble,
Thermal Fluctuations of Freely Suspended Smectic-A Films
from Mesoscopic to Molecular Length Scales

E. A. L. Mol,1 G. C. L. Wong,1 J. M. Petit,2 F. Rieutord,2 and W. H. de Jeu1
1FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

2UMR 585 CEA-CNRS-Université J. Fourier, Département de Recherche Fondamentale de la Matière Condensée, CEA-Gre
38054 Grenoble, France
(Received 27 May 1997)

The thermal fluctuations of freely suspended smectic-A films have been studied with diffuse x-ray
scattering. Using as2 1 2d scattering geometry at a synchrotron source the spectral dependence of
the displacement-displacement correlation function has been determined from mesoscopic to molecular
dimensions. At long in-plane length scales the fluctuations of the smectic layers were found to be
conformal; i.e., all layers of the film fluctuated in unison. At decreasing length scales conformality was
progressively lost, starting between the top and bottom layers of the film. [S0031-9007(97)04410-4]
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Smectic-A (SmA) liquid crystals are uniaxial system
possessing long-range orientational order. In addition, t
molecules are on average arranged in equidistant lay
while the translational order is liquidlike in the other two
directions. The positional order along the uniaxial d
rection is not truly long range but decays algebraical
with position asr2h . This absence of true long-range
order is due to the fluctuations of the smectic layers:
usrd is the layer displacement from its equilibrium pos
tion, ku2srdl is found to diverge logarithmically with the
sample size (Landau-Peierls instability) [1]. Freely su
pended SmA films have a well-controlled size and hig
degree of uniformity, with thicknesses varying from tw
to over hundreds of layers. This makes them ideal mod
systems for investigation of the crossover from thre
dimensional to two-dimensional behavior, as well as t
influence of the surfaces on the physical properties. R
cently, measurements of the x-ray reflectivity of free
suspended films [2], which probe the laterally averag
density profile through the film, have been extended
the diffuse scattering [3]. Diffuse reflectivity allows the
determination of the interlayer displacement-displaceme
correlation functionCsR, z, z0d  kusR, zdus0, z0 dl, where
R is in the plane of the film andz along the film nor-
mal. From CsR, z, z0d the thermal fluctuation behavior
can be deduced, which depends on the surface tens
sgd and the elastic constants for compressionsKd and
bendingsBd of the smectic layers [4,5]. At long in-plane
length scales the thermal fluctuations are predicted to
highly correlated: all the layers fluctuate conformally, i.e
they undulate in unison andCsR, z, z0d decays logarith-
mically with decreasingR. This behavior has recently
been confirmed experimentally in freely suspended film
[3] and other organic multilayer films [6]. On the othe
hand, for R , Rc ø 2

p
Ll [3], where l 

p
KyB and

L is the thickness of the film, conformality is expecte
to vanish, starting between the top and bottom of t
film. Thus, loss of conformality is expected with decrea
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ing in-plane distance, in thick films and/or systems wi
a small value ofB. This Letter presents the first mea
surements of displacement-displacement correlations
freely suspended films from mesoscopic down to molec
lar in-plane distancesR. Furthermore, the crossover from
conformal to independent thermal fluctuations in the
systems could be observed.

The compound investigated is 4,40-diheptylazoxyben-
zene (7AB), C7H15-F-NsNOd-F-C7H15, with a bulk
phase sequence cryst32.4 ±C-SmA 52.9±C-N 69.9 ±C-
I. The SmA-nematic phase transition [7] is a second ord
one, whereB is expected to vanish [1]. 7AB was obtaine
from Frinton (Vineland, U.S.A.) and was recrystallize
several times. The freely suspended films covered an a
of 28 3 10 mm2 determined by four knifelike blades of a
rectangular hole in a steel holder. The sample holder w
mounted in a two-stage oven which was evacuated a
sealed. Measurements were performed at52.2 6 0.1 ±C,
close to the bulk SmA-nematic phase transition but f
enough to avoid loss of layers due to layer-by-lay
thinning [8] during the experiment.

The experiment was performed at the beam lin
BM32 at the European Synchrotron Radiation Facili
(Grenoble, France) using x rays with wave numberjkj 
9.12 Å21. Using a 02 1 20 surface x-ray diffractometer
[9] diffuse intensity has been measured at in-plane wa
vector transfers as large as1.6 Å21, which corresponds
to in-plane distances of molecular dimensionssø4 5 Åd.
In our geometry, shown in Fig. 1(a), the detector an
sample move out of the plane of specular reflectio
while the angles of the incoming and outgoing bea
are kept constant with respect to the sample surfa
Similar geometries have recently been used to perfo
diffuse scattering measurements of multilayers [10] a
amphiphilic films [11]. We have taken three types o
scans for which in all casesqx  0. In reciprocal space
specular scans probe the scattered intensity alongqz with
qy  0. Transverse diffuse scans probe the scatter
© 1997 The American Physical Society 3439
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FIG. 1. (a) The scattering geometry in a02 1 20 surface
diffraction setup, where in specular scans (alongqz), a and
b are varied with respect to the sample surface while keep
them equalsd  f  0d, in transverse diffuse scansqy is
varied at fixedqz sa  bd by moving the detector out of the
scattering plane over an angled, while rotating the sample over
f  dy2, and diffuse scans parallel toqz are at an offsetqy .
(b) The model for a single smectic layer.

intensity alongqy at fixed qz . Finally, in diffuse scans
parallel to the specular rodqz is varied at a constant
offset qy . In the configuration used we obtained
dynamic range of2 3 1010. All scans are background
subtracted, where the background was measured
scans with no film present. The data were correct
for overfilling, for the changing illuminated sample are
visible by the detector, and for the polarization facto
[9]. Note that transverse scans with large in-plan
momentum transferqy are possible at smallqz where the
scattered intensity is high. This is in contrast with th
conventional two circle diffractometer setup for diffus
scattering, whereqx is varied by rocking the sample in
the beam. Correlations probed inqx are equivalent to
those in qy as the SmA samples are liquidlike in th
xy plane.

Scans along and parallel to the specular rod for
24 layer film are presented in Fig. 2. At smallqy the
film is conformal and the diffuse scattering is the cohe
ent superposition of scattering from each layer, showi
maxima and minima at the same positions as the sp
ular reflectivity [12]. The disappearance of the interfe
ence fringes with increasingqy indicates that the top and
bottom of the film no longer fluctuate in unison. Th
persistence of the Bragg peak up toqy  0.0414 Å21
3440
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FIG. 2. Specular and diffuse scans along and parallel
qz for a 24 layer film with, from top to bottom,qy  0,
qy  0.0064 Å21, qy  0.0191 Å21, and qy  0.0414 Å21.
Curves have been shifted for clarity.

sR ø 150 Åd, however, shows that correlations betwee
adjacent layers still exist. The broadening and wea
ening of the Bragg peak reveals that with increasi
in-plane momentum transfers more layers fluctuate ind
pendently, and thus not all layers contribute coherently
the diffuse signal.

Additional information about the displacemen
displacement correlation function can be obtained fro
the transverse diffuse scans. Scans were done across
first Bragg sheet whereqz  0.218 Å21sq0d, across a
subharmonic of the Bragg peak atqz  0.109 Å21s0.5q0d
and at an intermediate interference fringe atqz 
0.152 Å21s0.7q0d for a 24 and a 100 layer film (Fig. 3).
At small qy the slopes of the transverse scans are m
or less parallel at allqz ; therefore, all the layers are
fluctuating in unison. The development of differen
slopes in the various scans is the signature of loss
conformality of the thermal fluctuations with increasin
in-plane momentum transfer. The behavior at the Bra
sheet and at the subharmonic, where lateral correlati
between adjacent and next nearest layers are contri
ing dominantly to the diffuse signal, respectively,
still very similar for R , Rc, in particular for the 100
layer film. At the same time the very different slop
of the scan atqz  0.7q0, where only correlations
between more distant layers are constructively inte
fering, confirms that conformality between the top an
bottom of the film is lost. For short in-plane distance
R # 40 Å, the diffuse intensity seems to decay loga
rithmically with increasingqy . In this regime of short
lateral distances the correlations between individu
molecules are probed and the continuum theory canno
applied.

As a critical comparison to the continuum theory, th
data have been fitted using [3]
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Here the double sum runs over allN layers, andgmnsRd 
kfusR, zmd 2 us0, zndg2l  2s2 2 2CsR, zm, znd, where
ku2sR, zmdl  ku2s0, zndl  s2. An explicit expression
for gmnsRd has been given in Ref. [3]. The averag
z component of the wave vector transfer in the film

FIG. 3. Transverse diffuse scans for (a) a 100 lay
film, (b) a 24 layer film, atqz  0.218 Å21sq0d (circles),
qz  0.109 Å21s0.5q0d (crosses), andqz  0.152 Å21s0.7q0d
(triangles). The dashed lines indicate where loss of conform
ity is expected. Curves have been shifted for clarity.
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is q0
z  sq2

z 2 q2
cd1y2, where qc is the critical wave

vector transfer for total reflection. The termjRF j2 is the
Fresnel reflectivity of a single layer, in which the smect
layer is approximated by the slab model of Fig. 1(b
It is smeared with a Gaussian of widthsloc, which
approximates the local (short wavelength) contributio
to the total fluctuations. The resolution convolution
performed as a one-dimensional convolution (denoted
≠) alongqz with a Gaussian of half-widthDqz, and with
real space cutoffs to the structure factor integration alo
x andy.

The positions of the Bragg peaks and the Kiess
fringes in the specular reflectivity curve fixd and N,
respectively. We findd  28.75 6 0.05 Å, independent
of film thickness. Fits to the transverse scans give
principle g, B, andK. However, in the transverse scan
the range where capillary waves, and thusg, dominate
the thermal fluctuations, is hidden by the relative
large experimental resolution in the present experime
Therefore we determined the surface tension of 7A
from the line shape of a transverse scan in a two circ
reflectivity setup as in Ref. [3], yieldingg  25.0 3

103 Nym2, in excellent agreement with the results o
the direct surface tension measurements of 7AB [1
The large qy range caused fitting to be very time
consuming. AsK is not expected to change at th
nematic-SmA phase transition [1], the nematic valueK 
1.2 3 10211 N [14] was used. Best fits to the transvers
scans using those values (see Fig. 3) result inB  s1.0 6

0.5d 3 107 Nym2, in the same range as found for bul
systems close to the smectic-nematic phase transit
[15]. However, although the data and fits show the sam
general trend, agreement is limited to smallqy values.
With the above values2pyRc can be calculated, which
are shown as the vertical dashed lines in Fig. 3. The va
for the 24 layer film, Rc ø 170 Å sqc  0.037 Å21d,
agrees with our experimental observations in the sca
parallel to the specular rod: in the diffuse scan atqy 
0.041 Å21 the fringes have fully disappeared.

Fits using the above values forB, K, g, and the model
parameters for a single layerdcoreydtail  1.5, dcore 
0.54d, and sloc  1.0 Å are shown as the solid lines in
Fig. 2(a). The fits to the two bottom curves are rath
good; however, those for the specular and first diffu
scan deviate at the Bragg peak. In fact, the specu
reflectivity is not very sensitive toCsR, z, z0d, but it does
depend on the total amplitude of the fluctuationsstot,
wheres2

tot  s
2
loc 1 s2. Figure 4 displays a fit to the

specular reflectivity based on the roughness profile sho
in the inset. At the surfacesstot is strongly suppressed
with respect to the interior of the film. For the abov
3441
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FIG. 4. Specular scan over a largeqz range. The solid line is
the fit using the roughness profile shown in the inset.

values of B, K, and g we find s  3.4 Å and s 
3.7 Å at the surface and center of the 24 layer film
respectively. This implies that the total profile is mainl
due to a variation of the local molecular disorder, wit
a fluctuation amplitude fromsloc  5.3 Å at the center
of the film to sloc  0.9 Å at the surface. However, the
existence of a profile ofsloc in the film, and thus of
the smectic order parameter, should affect the correlatio
between the thermal fluctuations as well, becauseB is
proportional to the square of the smectic order parame
[16]. The presence of such a profile ofB could provide
an explanation for the deviations between the data a
the model.

In conclusion, a crossover from conformal to indepe
dent fluctuations has been observed in freely suspen
SmA films. The adapted scattering geometry for diffus
scattering at a synchrotron radiation source allowed d
termination of the in-plane wave vector dependence
the hydrodynamic (collective) fluctuations down to lengt
scales comparable to the distances between molecules
decreasing lateral length scales conformality between
top and bottom of the film was progressively lost, whil
correlations between adjacent and next nearest layers w
shown to persist down to molecular length scales. Ana
sis using a continuum theory indicates the need to inc
porate a profile of the compressional elastic constant alo
the film normal throughout the film.
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