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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 suspendeN-(4-n-butoxybenzilideng 4-n-octylaniline (40.8) 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 fluctuat{@163-651X99)51111-2

PACS numbgs): 61.10.Kw, 64.70.Md, 68.35.Rh

In the smecticA (Sm-A) liquid crystalline phase the elon- attributed to step-by-step surface crystallization. Subse-
gated molecules have their long axis on average parallel to guently electron diffraction studies by Ha al.[7] provided
preferred direction in spadelirectorn). In addition the cen- conclusive evidence for layer-by-layer crystallization from
ters of mass are arranged in equidistant layers perpendicul&m-A into CrB mediated via an hexatic SBi-phase not
to n, while the system remains fluid in the plane of the lay-observed in the bulk. Interestingly the directions of the
ers. The reduced dimensionality of smectic liquid crystalshexatic, respectively crystalline lattice in the top layers at
leads to strong thermal fluctuations of the smectic layers. Adoth sides of a film appear to be correlated, though there are
a consequence the positional ordering of the layers is ndiquid Sm-A layers in between them.
truly long range: the mean-square displacement of the layers In spite of the results described, some important questions
(u?(r)) diverges with the sample sizeandau-Peierls insta- still remain open.(i) What is the mechanism driving the
bility) [1]. Upon cooling a SmA phase, a hexatic SiB- cascade of subsequent transitiofis?How do the correlated
phase may occur that shows long-range bond-orientationalirections between lattices in well-separated toplayers arise?
order while positional order is limited to a finite correlation These problems are of course related to the general interest
length[1]. At lower temperatures a three-dimensio@D)  whether these layer transitions are true examples of a
ordered crystalline B(CrB) phase may be found with an Kosterlitz-Thouless process. In this Rapid Communication
hexagonal in-plane lattice. Swv-liquid crystals can be sus- we provide at least a partial answer to these questions by
pended over an opening in a solid frame. Such free standinigvestigating eight layer 40.8 films using x-ray reflectivity.
films have a high degree of uniformity and a controlled This provides insight into the changes in the fluctuation pro-
thickness ranging from two to over hundreds of laygts  files in dependence of the number of crystallization steps.
They provide a unique opportunity to study phase transitiondhe observed behavior supports theoretical argumgsits
in substrate-free finite-size systems, showing a crossovdhat the hexatic order is reduced by the out-of plane smectic
from 3D behavior in thick films to 2D behavior in thin ones. layer fluctuations, which means in our situation enhanced at
These observations have inspired to search in freely sughe surfaces compared to the interior of the film.
pended smectic films for the true nature of the Kosterlitz- The compound investigated, 40/&ig. 1(a)], was ob-
Thouless transition, which describes 2D melting as a twotained from Aldrich and was purified additionally via several
stage process proceeding via the unbinding of topologicalecrystallization steps. Freely suspended smectic films were
defects[1]. drawn and mounted in a two-stage oven and equilibrated as

In liquid crystals a free surface may stabilize a higherdescribed earligi9]. From rocking curves the final mosaicity
ordered phase that is only observed at lower temperatures in

the bulk or not observed in the bulk at gf]. Such “surface K33 CrB48.5SmA63.5N781
crystallization” is outside the field of liquid crystals also

found in some long chain alkanes and alcoljdls Here we ”‘@W
want to concentrate on the compound usually indicated as MO—@—C\Z

40.8N-(4-n-butoxybenzilideng-4-n-octylaniline[see Fig.

1(a@)]. In free standing films of 40.8 Pindak and co-workers @)

[5] originally demonstrated the 3D crystalline nature of the L L,

CrB phase from the solidlike shear response of a low- ' ® 26
frequency torsional oscillator in contact with the film. From Tsl 5, '
the shear response two anomalies were detected: at the )

Sm-A-CrB bulk transition and about 6° above this tempera-

ture. Later Jin, Stoebe, and Hual@ measured via ac calo- FIG. 1. (8 Structural formula of 40.8 and its bulk phase tran-
rimetry on 40.8 films a whole cascade of phase transitionssition temperature§’C). (b) Box model(see text
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of the films was determined to be typically of the order of
0.01° over the footprint of the beam. In a specular reflectivity
experiment an incident beam of wavelengthand wave
numberk=27/\ is reflected at an interface. For elastic scat-
tering, |k¢| = |ki] =k, while the incident wave vectds;, the
reflected wave vectok; and the surface normal lie in the
same(scattering plane. Consequently, the resulting momen-
tum transfer|q|=|k;—k;|=qg,=2k sin« is parallel to the
surface normal. Thermally excited layer fluctuations scatter
part of the beam away from the specular direction and cause
deviations from the Fresnel reflectivity of a smooth interface.
In the case of a film, reflection also occurs at the second
interface, leading to constructive or destructive interference
in dependence of the incoming andl€iessig fringes. The
period of the Kiessig fringes is inversely proportional to the
film thicknessD. In smectic films the internal periodic struc-
ture generates in addition finite size broadened Bragg-like
peaks centered at=2mm/d, whered is the layer spacing
andm an integer. Hence the number of smectic layers in the
film N=D/d is immediately determined from the specular .
diffraction profile. Specular reflectivities were taken at beam- 24 2.6 2.8 30
line BW2 of HASYLAB (DESY, Hambury using a six- (b) q, (nm)
circle diffractometer atk=45.5nm. In the scattering
plane, the divergence of the incident beaka, and the de-
tector acceptancd B, were both fixed by slits. A direct mea-
surement ofAa using narrow predetector slits gave a value
of 0.0064°, while the total resolution was of the order of specularly reflected x-ray intensity: 62.5°C, SmA phase
0.076°. In the out-of-plane direction the slits were set to dsquares 52.5 °C, one CrB top layeiclosed circle 50.3 °C, two

width of 2 mm. All curves are b.ackground subtractc_ad ands,g top layers(triangles; 49.65°C, two SmA layer left in the
have been corrected for geometrical effects as described egfjigdle (open circle 47.0 °C, CrB phasésolid line).

lier [9].

Figure 2a) shows specular scans for an eight layer film inygjuted with a Gaussian of full width at half maximum
the high-temperature SmA-phase and the final CrB phase (FWHM) equal to 2 2n2. Each set of data was fitted
together with fits to the model to be described. The imenSiWndependently, keepin; and &, fixed for the particular set.
in the region just after the first Bragg peak is most sensitivey, contrasto; was left free for each smectic layer, taking the
to the development of the crystalline top-layers. Changes iRentro-symmetry of the density profile into account. In the
the shape of the electron density profile through the film arghsence of reliable data around the critical angle no absolute
reflected by the deep minimum appearing at about 2.6'am | jes of8; and 5, have been determined. Nevertheless, all
Figure 2b) displays a blow-up of different specular reflec- ., icul1ations converged t8,/8,~1.5 andL,/L,~2.1.
tivity scans of this film at different temperatures. Starting  Tne fluctuation profiles over the film are presented in Fig.
from the SmA phaie, the temperature was lowered at a cong ). error bars indicate 95% confidence limits. In the ®m-
trolled speed~0.1 °C/min) while monitoring changes in the - ,aqe the fluctuations are quenched at the surface. After the
density profile of the film by means of fast specular scang;s; crystallization step appreciable damping occurs, in spite
around the first Bragg peak. The scans are different aft€gs e tact that only a single CrB top layer is present that by
each crystallization of an additional layer. Furthermore, prégefinition has no 3D ordering. Upon the next layer crystalli-
ceding each transition of a S#-into a CrB layer, in the  z4tion further damping occurs while now the profile is also
region between 2.5 and 2.7 nrmsmall but very reproducible - gyrongly flattened. Within the error bars this behavior essen-
change_s in the mtt_ensny were dett_acted, interpreted as the iRally does not change anymore after the third step. Figure
termediary formation of a hexatic SB-phase[7]. The 4y gives more details about the fluctuations during the tran-

equilibration time of each transition. is of the order of sec-siiions in the first top layer. The emergence of a hexatic top
onds and no influence of the cooling speed has been de-

tected. In this way the transition temperatures of the various | SmA 1.1 SmB 545 CrB
layers could be determined with an accuracy of the order of MAD..2 SmB 58> &
0.2°C. They are displayed in Fig. 3 and are in good agree- 2 SmA 51.5 SmB 50.4 CrB
ment with literature indicationfral. 3 SmA 50.1 SmB 49.7 CrB
4
5

log,, I (arb.units)

=z

log,, I (arb.units)

FIG. 2. (a) Specularly reflected x-ray intensityof an eight layer
film in the Sm-A phaseg(62.5 °C, upper curyeand in the CrB phase
(47.0 °C, lower curve The curves have been shifted one decade for
clarity; solid line is a fit using the box moddhb) Blow up of the

The data have been fitted with an iterative matrix solution SmA 49.6 SmB 48.0 CrB
of the Fresnel equations for the reflectivity of the multilayer
system using a slab-model for the electron density profiles
[9]. Each smectic layer has been approximated by the box-
like function represented in Fig.(ld). In order to take ther- FIG. 3. “Phase diagram” of an eight layer free standing film of
mal fluctuations into account, the box-model has been con40.8; the layer number is indicated at the left.
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0.40 : - : : magnitude smaller than the other elastic constabdg, the
: layers can easily glide over each other. Hence, we can apply
the approximation that all deformations but the shear ones
are forbidden. As a result an additional term{& , u(r)]?
must be added to the termsBhandK in Eq. (1) [15]. In Eq.

(1) the layer compression term and the surface term do not
change appreciably when the CrB lattice is established. In
the easy shear approximation also the bend rigidity of the
film is not strongly affected15]. Hence a CrB film can still
be considered as a fluctuating system, in agreement with the
experimental findings. Comparing the Sfnand the CrB
phase[Fig. 4a)] we note a decrease of the fluctuations,
which can be attributed to the extra sliding elasticity term
connected with ¢, and probably some increased value8of
andy. In addition there is a flattening of the profile over the
film due to the diminishing importance of the surface term.

Let us now consider the transitions in the outermost layers

[Fig. 4(b)]. Reference[8] considers the first stage of a
Kosterlitz-Thouless mechanism (SA-Sm-B) driven by
the unbinding of disclination pairs. Smectic layer fluctua-
tions are coupled to the hexatic order because of a frustration
in the bond-angle field due to the curvature of the smectic
layers. As a general result the layer fluctuations decrease the
020 1 disclination core energy and thus the x-Sm-B transition
0 ) n 3 g temperature. Hence if the layer fluctuations in the Sm-

(b layer position phase are quenched at the surféas shown in Fig. #the
liquid-hexatic transition temperature is correspondingly
FIG. 4. (a) Fluctuation profiles of an elght Iayer film: 62.5 °C, |arger at the surface than in the bulk. We note that in some
Sm-A phase(squares 52.5°C, one CrB top layelclosed circles  compounds also the situation< 1 has been observéa]. It
50.3°C, two CrB top layersopen circles 49.65°C, two SMA  \y5yid be interesting to investigate whether the associated
layers left in the middldtriangles; 47.0°C, CrB phasécrosses  gnnanced surface fluctuations lead indeed to conventional

(b) Detalls of the fluctuation profile of an eight layer fiktop layer ¢ t506 melting. After the first Sh—Sm-B transition, upon
transitions only S[n‘A ph"’.‘se at 62'50@9u§re}5 hexat'.c SmB further cooling considerable changes were detected in the
top layer at 60.7 °C(asteriskg and 55.7 °C(inverted triangles fluctuations profiles over the filfisee Fig. 4b)] within the
CrB top layer at 52.5 °Gclosed circles P - 9-

temperature range of the hexatic &ntoplayers. Such a
behavior suggests that the second stage of the transition
a('Sm-B—CrB) probably evolves by a continuous increase of
the correlation length for positional order in the hexatic
toplayers.

In the early experiments on the hexatic order in the sur-
ce layers of 40.8, it was found that the bond-order direc-
tions of top and bottom layers were couplgd. This has
been considered as a rather unexpected phenomena as the

¢ (nm)

035}

030}

025}

0.25¢

layer already leads to a considerable damping of the fluctu
tions in the film.

Thermal fluctuations in free standing Stfilms have
been well studied9,10]. They can be described by the
Landau—de Gennes theory extended with a surface term f%‘
r=(R,z=D/2) [11],

F=1 f d3r[5( au(r) 2+K[ALU(F)]Z} intermediate layers still have th'e Shntiquid in-plane struq-
Jz ture. However, from our previous work on smectic films
1 1 2 [9,10] the hydrodynamic fluctuations in the SAphase can
+ = yf d%r|V, ulR,z=+=D (1)  be expected to be fully conformal throughout the film. As a
2 2 consequence any directional interaction between the fluctua-

tion amplitude and the local hexatic lattice will be the same
The bulk behavior is determined by the elastic constants foat both sides of the film. Hence conformal fluctuations pro-
bending K~10 N) and for compressionB~ 10" N/m?) vide a natural mechanism to correlate lattice directions in the
of the layers. The fluctuations are damped at the surface itbp and bottom surface hexatic layers.
the ratio v=17/BK>1. Taking for 40.8 a value ofy Now let us consider the evolution of the fluctuation pro-
~0.02 N/m[12] we arrive atv~2 in agreement with the files in the eight layer film as the crystallization advances.
guenching of the fluctuations observed at the surfaces in thafter crystallization of the top layer the remaining inner
Sm-A phase(Fig. 4). Sm-A layers still fluctuate, but with a strongly diminished

Before discussing the layer-by-layer transitions let us conamplitude[Fig. 4(a), filled circleg. The large magnitude of

sider the final stage when the whole film is in the CrB phasethis reduction is surprising, as a single toplayahether
Following Ref.[13] the elastic energy of a plate cut from a hexatic SmB or CrB) should not experience any effect of
hexagonal crystal can be calculated. However, as in the CrBliding elasticity yet. In fact the suppression of the fluctua-
phase the shear elastic constagj iS at least two orders of tions in the interior of the film is already strong when the
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first surface hexatic layer has develop€dy. 4(b)]. In agree-  faces, supporting theoretical predictions that correlate the on-
ment with early ultrasound results on a bulk transition 8m- set of hexatic order with decreased layer fluctuations. As the
to hexatic SmB [16], an hexatic surface layer probably fluctuations can be expected to be fully conformal through-
modifies the in-plane structure of a neighboring &nfayer  out the film, this process also explains the reported correla-
by imposing pretransitional ordering. The induced order, intion of the crystallographic directions in the top and bottom

turn, would lead locally to some sliding elasticity and hencesyrface layers. The changing fluctuation behavior in the suc-
to a decrease of the amplitude of the fluctuations. In thigegsive layers triggers off a cascade of successive
ir)te.rpret.ation our mgasurements support speculatiqns alongn.A_smB_CrB phase transitions per layer. Quantita-

similar lines to explain the reduced SAw-Sm-B transition  ely the suppression of the fluctuations in the interior of the

enthalpy with decreasing thickness of the flbY]. Anyhow, g1 s already important once the first hexatic toplayer is
the new profile provides the basis for the second series Qlgianjished.

crystallization transitions in the next-nearest top layers. Once
two layers are crystallized at each side, the fluctuations of the We thank Arcadi Shalagino(St. Petersburg, Russifor
remaining four SmA layers are such that the total profile valuable discussions, R. EidenschifNematel, Mainz, Ger-
over the film is much more flat. In agreement with this be-many) for recrystallizing 40.8, and Mourits NielseRisg,
havior the differences in transition temperatures between thRoskilde, Denmarkfor his assistance in setting up the mea-
‘new’ SmA surface layers and those in the center of the filmsurements at HASYLAB. Work at HASYLAB was sup-
approach each other rapidly. ported by Contract No. ERBFMGECT950059 of the Euro-
In conclusion we have used specular x-ray reflectivity topean Community. This work is part of the research program
characterize the process of layer-by-layer crystallization irof the Stichting voor Fundamenteel Onderzoek der Materie,
eight layer freely suspended smectic 40.8 films. The fluctuatFOM), which is financially supported by the Nederlandse
tion profile in the initial SmA film is quenched at the sur- Organisatie voor Wetenschappelijk Onderzo@k\O).
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