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Layer-by-layer crystallization and the role of fluctuations in free standing smectic films
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Specular x-ray reflectivity has been used to study the changes in the thermal fluctuation behavior of eight
layer freely suspendedN-(4-n-butoxybenzilidene)-4-n-octylaniline (4O.8) films during the process of suc-
cessive layer-by-layer crystallizations. Each of these steps is preceded by the formation of an intermediate
layer structure with in-plane hexatic ordering. We find an unusually large reduction of the fluctuations after the
emergence of only the first hexatic toplayer. The fluctuation profiles over the film are in all cases quenched at
the surfaces though less so after each crystallization step. This behavior supports theoretical arguments that
hexatic order is reduced by out-of-plane smectic layer fluctuations.@S1063-651X~99!51111-2#

PACS number~s!: 61.10.Kw, 64.70.Md, 68.35.Rh
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In the smectic-A (Sm-A) liquid crystalline phase the elon
gated molecules have their long axis on average parallel
preferred direction in space~directorn!. In addition the cen-
ters of mass are arranged in equidistant layers perpendic
to n, while the system remains fluid in the plane of the la
ers. The reduced dimensionality of smectic liquid cryst
leads to strong thermal fluctuations of the smectic layers.
a consequence the positional ordering of the layers is
truly long range: the mean-square displacement of the la
^u2(r )& diverges with the sample size~Landau-Peierls insta
bility ! @1#. Upon cooling a Sm-A phase, a hexatic Sm-B
phase may occur that shows long-range bond-orientati
order while positional order is limited to a finite correlatio
length @1#. At lower temperatures a three-dimensional~3D!
ordered crystalline B~CrB! phase may be found with a
hexagonal in-plane lattice. Sm-A liquid crystals can be sus
pended over an opening in a solid frame. Such free stan
films have a high degree of uniformity and a controll
thickness ranging from two to over hundreds of layers@2#.
They provide a unique opportunity to study phase transiti
in substrate-free finite-size systems, showing a crosso
from 3D behavior in thick films to 2D behavior in thin one
These observations have inspired to search in freely
pended smectic films for the true nature of the Kosterl
Thouless transition, which describes 2D melting as a tw
stage process proceeding via the unbinding of topolog
defects@1#.

In liquid crystals a free surface may stabilize a high
ordered phase that is only observed at lower temperature
the bulk or not observed in the bulk at all@3#. Such ‘‘surface
crystallization’’ is outside the field of liquid crystals als
found in some long chain alkanes and alcohols@4#. Here we
want to concentrate on the compound usually indicated
4O.8N-(4-n-butoxybenzilidene)-4-n-octylaniline@see Fig.
1~a!#. In free standing films of 4O.8 Pindak and co-worke
@5# originally demonstrated the 3D crystalline nature of t
CrB phase from the solidlike shear response of a lo
frequency torsional oscillator in contact with the film. Fro
the shear response two anomalies were detected: a
Sm-A– CrB bulk transition and about 6° above this tempe
ture. Later Jin, Stoebe, and Huang@6# measured via ac calo
rimetry on 4O.8 films a whole cascade of phase transitio
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attributed to step-by-step surface crystallization. Sub
quently electron diffraction studies by Hoet al. @7# provided
conclusive evidence for layer-by-layer crystallization fro
Sm-A into CrB mediated via an hexatic Sm-B phase not
observed in the bulk. Interestingly the directions of t
hexatic, respectively crystalline lattice in the top layers
both sides of a film appear to be correlated, though there
liquid Sm-A layers in between them.

In spite of the results described, some important questi
still remain open.~i! What is the mechanism driving th
cascade of subsequent transitions?~ii ! How do the correlated
directions between lattices in well-separated toplayers ar
These problems are of course related to the general inte
whether these layer transitions are true examples o
Kosterlitz-Thouless process. In this Rapid Communicat
we provide at least a partial answer to these questions
investigating eight layer 4O.8 films using x-ray reflectivit
This provides insight into the changes in the fluctuation p
files in dependence of the number of crystallization ste
The observed behavior supports theoretical arguments@8#
that the hexatic order is reduced by the out-of plane sme
layer fluctuations, which means in our situation enhanced
the surfaces compared to the interior of the film.

The compound investigated, 4O.8,@Fig. 1~a!#, was ob-
tained from Aldrich and was purified additionally via sever
recrystallization steps. Freely suspended smectic films w
drawn and mounted in a two-stage oven and equilibrated
described earlier@9#. From rocking curves the final mosaicit

FIG. 1. ~a! Structural formula of 4O.8 and its bulk phase tra
sition temperatures~°C!. ~b! Box model~see text!.
R5033 © 1999 The American Physical Society
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of the films was determined to be typically of the order
0.01° over the footprint of the beam. In a specular reflectiv
experiment an incident beam of wavelengthl and wave
numberk52p/l is reflected at an interface. For elastic sc
tering, uk f u5uk i u5k, while the incident wave vectork i , the
reflected wave vectork f and the surface normal lie in th
same~scattering! plane. Consequently, the resulting mome
tum transferuqu5uk f2k i u5qz52k sina is parallel to the
surface normal. Thermally excited layer fluctuations sca
part of the beam away from the specular direction and ca
deviations from the Fresnel reflectivity of a smooth interfa
In the case of a film, reflection also occurs at the sec
interface, leading to constructive or destructive interfere
in dependence of the incoming angle~Kiessig fringes!. The
period of the Kiessig fringes is inversely proportional to t
film thicknessD. In smectic films the internal periodic struc
ture generates in addition finite size broadened Bragg-
peaks centered atq52pm/d, whered is the layer spacing
andm an integer. Hence the number of smectic layers in
film N5D/d is immediately determined from the specul
diffraction profile. Specular reflectivities were taken at bea
line BW2 of HASYLAB ~DESY, Hamburg! using a six-
circle diffractometer atk545.5 nm21. In the scattering
plane, the divergence of the incident beam,Da, and the de-
tector acceptance,Db, were both fixed by slits. A direct mea
surement ofDa using narrow predetector slits gave a val
of 0.064°, while the total resolution was of the order
0.076°. In the out-of-plane direction the slits were set to
width of 2 mm. All curves are background subtracted a
have been corrected for geometrical effects as described
lier @9#.

Figure 2~a! shows specular scans for an eight layer film
the high-temperature Sm-A phase and the final CrB phas
together with fits to the model to be described. The inten
in the region just after the first Bragg peak is most sensi
to the development of the crystalline top-layers. Change
the shape of the electron density profile through the film
reflected by the deep minimum appearing at about 2.6 nm21.
Figure 2~b! displays a blow-up of different specular refle
tivity scans of this film at different temperatures. Starti
from the Sm-A phase, the temperature was lowered at a c
trolled speed~;0.1 °C/min! while monitoring changes in the
density profile of the film by means of fast specular sca
around the first Bragg peak. The scans are different a
each crystallization of an additional layer. Furthermore, p
ceding each transition of a Sm-A into a CrB layer, in the
region between 2.5 and 2.7 nm21 small but very reproducible
changes in the intensity were detected, interpreted as th
termediary formation of a hexatic Sm-B phase @7#. The
equilibration time of each transition is of the order of se
onds and no influence of the cooling speed has been
tected. In this way the transition temperatures of the vari
layers could be determined with an accuracy of the orde
0.2 °C. They are displayed in Fig. 3 and are in good agr
ment with literature indications@7a#.

The data have been fitted with an iterative matrix solut
of the Fresnel equations for the reflectivity of the multilay
system using a slab-model for the electron density profi
@9#. Each smectic layer has been approximated by the b
like function represented in Fig. 1~b!. In order to take ther-
mal fluctuations into account, the box-model has been c
f
y

-

-

r
se
.
d
e

e

e

-

a
d
ar-

y
e
in
e

-

s
er
-

in-

-
e-
s
f

e-

n
r
s
x-

n-

voluted with a Gaussian of full width at half maximum
~FWHM! equal to 2sA2 ln 2. Each set of data was fitte
independently, keepingLi andd i fixed for the particular set.
In contrasts i was left free for each smectic layer, taking th
centro-symmetry of the density profile into account. In t
absence of reliable data around the critical angle no abso
values ofd1 andd2 have been determined. Nevertheless,
calculations converged tod2 /d1'1.5 andL2 /L1'2.1.

The fluctuation profiles over the film are presented in F
4~a!; error bars indicate 95% confidence limits. In the SmA
phase the fluctuations are quenched at the surface. Afte
first crystallization step appreciable damping occurs, in sp
of the fact that only a single CrB top layer is present that
definition has no 3D ordering. Upon the next layer crysta
zation further damping occurs while now the profile is al
strongly flattened. Within the error bars this behavior ess
tially does not change anymore after the third step. Fig
4~b! gives more details about the fluctuations during the tr
sitions in the first top layer. The emergence of a hexatic

FIG. 2. ~a! Specularly reflected x-ray intensityI of an eight layer
film in the Sm-A phase~62.5 °C, upper curve! and in the CrB phase
~47.0 °C, lower curve!. The curves have been shifted one decade
clarity; solid line is a fit using the box model.~b! Blow up of the
specularly reflected x-ray intensityI: 62.5 °C, Sm-A phase
~squares!; 52.5 °C, one CrB top layer~closed circles!; 50.3 °C, two
CrB top layers~triangles!; 49.65 °C, two Sm-A layer left in the
middle ~open circles!; 47.0 °C, CrB phase~solid line!.

FIG. 3. ‘‘Phase diagram’’ of an eight layer free standing film
4O.8; the layer number is indicated at the left.
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layer already leads to a considerable damping of the fluc
tions in the film.

Thermal fluctuations in free standing Sm-A films have
been well studied@9,10#. They can be described by th
Landau–de Gennes theory extended with a surface term
r5(R,z5D/2) @11#,

F5 1
2 E d3r FBS ]u~r !

]z D 2

1K@D'u~r !#2G
1

1

2
gE d2r F¹'uS R,z56

1

2
D D G2

. ~1!

The bulk behavior is determined by the elastic constants
bending (K'10211N) and for compression (B'107 N/m2)
of the layers. The fluctuations are damped at the surfac
the ratio n5g/ABK.1. Taking for 4O.8 a value ofg
'0.02 N/m @12# we arrive atn'2 in agreement with the
quenching of the fluctuations observed at the surfaces in
Sm-A phase~Fig. 4!.

Before discussing the layer-by-layer transitions let us c
sider the final stage when the whole film is in the CrB pha
Following Ref.@13# the elastic energy of a plate cut from
hexagonal crystal can be calculated. However, as in the
phase the shear elastic constant C44 is at least two orders o

FIG. 4. ~a! Fluctuation profiles of an eight layer film: 62.5 °C
Sm-A phase,~squares!; 52.5 °C, one CrB top layer~closed circles!;
50.3 °C, two CrB top layers~open circles!; 49.65 °C, two Sm-A
layers left in the middle~triangles!; 47.0 °C, CrB phase~crosses!.
~b! Details of the fluctuation profile of an eight layer film~top layer
transitions only!: Sm-A phase at 62.5 °C~squares!; hexatic Sm-B
top layer at 60.7 °C~asterisks!, and 55.7 °C~inverted triangles!;
CrB top layer at 52.5 °C~closed circles!.
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magnitude smaller than the other elastic constants@14#, the
layers can easily glide over each other. Hence, we can a
the approximation that all deformations but the shear o
are forbidden. As a result an additional term C44@¹'u(r )#2

must be added to the terms inB andK in Eq. ~1! @15#. In Eq.
~1! the layer compression term and the surface term do
change appreciably when the CrB lattice is established
the easy shear approximation also the bend rigidity of
film is not strongly affected@15#. Hence a CrB film can still
be considered as a fluctuating system, in agreement with
experimental findings. Comparing the Sm-A and the CrB
phase@Fig. 4~a!# we note a decrease of the fluctuation
which can be attributed to the extra sliding elasticity te
connected with C44 and probably some increased values oB
andg. In addition there is a flattening of the profile over th
film due to the diminishing importance of the surface term

Let us now consider the transitions in the outermost lay
@Fig. 4~b!#. Reference@8# considers the first stage of
Kosterlitz-Thouless mechanism (Sm-A– Sm-B) driven by
the unbinding of disclination pairs. Smectic layer fluctu
tions are coupled to the hexatic order because of a frustra
in the bond-angle field due to the curvature of the sme
layers. As a general result the layer fluctuations decrease
disclination core energy and thus the Sm-A– Sm-B transition
temperature. Hence if the layer fluctuations in the SmA
phase are quenched at the surface~as shown in Fig. 4! the
liquid-hexatic transition temperature is corresponding
larger at the surface than in the bulk. We note that in so
compounds also the situationn,1 has been observed@9#. It
would be interesting to investigate whether the associa
enhanced surface fluctuations lead indeed to conventi
surface melting. After the first Sm-A– Sm-B transition, upon
further cooling considerable changes were detected in
fluctuations profiles over the film@see Fig. 4~b!# within the
temperature range of the hexatic Sm-B toplayers. Such a
behavior suggests that the second stage of the trans
(Sm-B– CrB) probably evolves by a continuous increase
the correlation length for positional order in the hexa
toplayers.

In the early experiments on the hexatic order in the s
face layers of 4O.8, it was found that the bond-order dir
tions of top and bottom layers were coupled@7#. This has
been considered as a rather unexpected phenomena a
intermediate layers still have the Sm-A liquid in-plane struc-
ture. However, from our previous work on smectic film
@9,10# the hydrodynamic fluctuations in the Sm-A phase can
be expected to be fully conformal throughout the film. As
consequence any directional interaction between the fluc
tion amplitude and the local hexatic lattice will be the sam
at both sides of the film. Hence conformal fluctuations p
vide a natural mechanism to correlate lattice directions in
top and bottom surface hexatic layers.

Now let us consider the evolution of the fluctuation pr
files in the eight layer film as the crystallization advanc
After crystallization of the top layer the remaining inn
Sm-A layers still fluctuate, but with a strongly diminishe
amplitude@Fig. 4~a!, filled circles#. The large magnitude o
this reduction is surprising, as a single toplayer~whether
hexatic Sm-B or CrB! should not experience any effect o
sliding elasticity yet. In fact the suppression of the fluctu
tions in the interior of the film is already strong when th
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first surface hexatic layer has developed@Fig. 4~b!#. In agree-
ment with early ultrasound results on a bulk transition SmA
to hexatic Sm-B @16#, an hexatic surface layer probab
modifies the in-plane structure of a neighboring Sm-A layer
by imposing pretransitional ordering. The induced order,
turn, would lead locally to some sliding elasticity and hen
to a decrease of the amplitude of the fluctuations. In t
interpretation our measurements support speculations a
similar lines to explain the reduced Sm-A– Sm-B transition
enthalpy with decreasing thickness of the film@17#. Anyhow,
the new profile provides the basis for the second serie
crystallization transitions in the next-nearest top layers. O
two layers are crystallized at each side, the fluctuations of
remaining four Sm-A layers are such that the total profi
over the film is much more flat. In agreement with this b
havior the differences in transition temperatures between
‘new’ SmA surface layers and those in the center of the fi
approach each other rapidly.

In conclusion we have used specular x-ray reflectivity
characterize the process of layer-by-layer crystallization
eight layer freely suspended smectic 4O.8 films. The fluct
tion profile in the initial Sm-A film is quenched at the sur
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faces, supporting theoretical predictions that correlate the
set of hexatic order with decreased layer fluctuations. As
fluctuations can be expected to be fully conformal throug
out the film, this process also explains the reported corr
tion of the crystallographic directions in the top and botto
surface layers. The changing fluctuation behavior in the s
cessive layers triggers off a cascade of succes
Sm-A– Sm-B– CrB phase transitions per layer. Quantit
tively the suppression of the fluctuations in the interior of t
film is already important once the first hexatic toplayer
established.
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