RAPID COMMUNICATIONS

Two-Stage surface freezing of a single top layer in a smecti&-membrane

PHYSICAL REVIEW E 67, 020701R) (2003

Wim H. de Jelt* Andrea Ferd;" Oleg Konovalov and Boris I. Ostrovskii®
IFOM-—Institute AMOLF, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
European Synchrotron Radiation Facility, Beamline ID10B, P.O. Box 220, 38043 Grenoble, France
SInstitute of Crystallography, Academy of Sciences of Russia, Leninsky prospekt 59, Moscow 117333, Russia
(Received 13 August 2002; published 6 February 2003

The crystallization of a single liquid top layer of smectic membranes of the compound 40.8 has been studied
with grazing-incidence x-ray diffraction. As this process takes place in two steps, involving an intermediate
hexatic smecti® layer before the final crystallinB- surface structure is reached, it provides a model for
melting in two dimensions. The positional order has been investigated quantitatively by measuring the scat-
tering profiles and the associated correlation lengths. The surface liquid-hexatic phase transition is found to be
continuous, while the hexatic-crystal transition is weakly first order with an abrupt change of the in-plane
positional correlations. The surface phase transitions do not modify the liquid in-plane structure of the interior
layers.
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Melting in two dimensions remains one of the unresolvedN-(4-n-butoxybenzilidene4-n-octylaniline (abbreviated as
and challenging problems in condensed matter physics. Be+O.8, which compound possesses in the bulk a first-order
rezinskii [1] and Kosterlitz and Thoulesg2] proposed a transition from the Sn#A to the CrB phase at 48.5°C. How-
theory for transitions inXY models, based on topological ever, early mechanical studies on 40.8 membrg@gsfol-
defects. Two-dimension&PD) crystallization belongs to the lowed by heat-capacity and optical reflectivity measurements
same universality class, and the relevant topological pointl0], indicated a whole cascade of phase transitions. Subse-
defects are dislocations and disclinations. The theory ofjuently, transmission electron diffractidil] provided an
defect-mediated melting of 2D crystals was generalized byvidence that the Si-phase proceeds into the Brphase
Halperin and Nelsof3] and Young[4]. They found that the in a layer-by-layer fashion involving an intermediate hexatic
dissociation of dislocation pairs produces an anisotropicSm-B phase that does not exists in the bulk. Further x-ray
(hexatig liquid. The 2D hexatic phase is characterized by areflectivity studieq12] revealed clear changes in the layer-
quasi-long-range bond-orientational order, while the posidisplacement fluctuation profile across the film in depen-
tional order is short range and the shear modulus is zeralence of the various crystallization steps. Conformal fluctua-
Only after subsequent disclination unbinding is an isotropicions throughout the membrane provide an explanation of the
phase realized. Phases with hexatic order have been found épitaxy of the CiB lattices of the outermost surface layers
several systems, such as electrons at the surface of heliufii1] that occurs in spite of the intermediate liquid layers.
charged polymer colloids, and smectic liquid crysf@s8].  With decreasing temperature the surface layers undergo tran-
However, the mere existence of an hexatic phase does neitions(in °C) SmA 61.1 SmB 54.5 CrB, well before the
provide a proof of a specific melting mechanism, and thesecond set of layers start their own freezing transitions at
origin of hexatic order and its relation to defect-mediated51.1 °C. Hence, the top layer at each side of the membrane
melting transitions is still controversial. Smectic liquid crys- may serve as a perfect model system to study crystallization
tals are particularly suitable to investigate these problems, asf a liquid in 2D. Earlier electron diffraction gave rather
they can be suspended over an opening in a solid fram@ambiguous result§13]: At the liquid-hexatic transition a
Such smectic membranes have a controlled thickness rangifigmp in the positional order was reported without any atten-
from two to over thousands of laye[8], which allows to  dant change in the hexatic order. The latter ordering was
study a crossover of the phase transitions from 3D behavidiound to develop only at 3 °C below the phase transition. In
in thick films to 2D behavior in thin ones. this paper we report results of high-resolution grazing-

SmecticA (Sm-A) membranes can be described as stackincidence x-ray diffractior{GIXD) on such a membrane that
of liquid layers. Upon cooling an hexatic SBiphase may provide full quantitative information on the positional order-
occur, which shows a long-range bond-orientational ordering in the single top layers during the two-stage melting
while the positional order is limited to a finite correlation process. Contrary to the results from electron diffraction, the
length. Additionally, at lower temperatures a 3D crystalline-surface liquid-hexatic phase transition is found to be continu-
B phase(Cr-B) may be found with an hexagonal in-plane ous. In addition, the hexatic-crystal transition is weakly first
lattice and a weak coupling between the crystalline layersorder with an abrupt change of the in-plane positional corre-
We want to concentrate on these orthogonal phases usingtions.

The compound 40.8 was obtained from Aldrich and was
purified additionally via several recrystallization steps.

*Email address: dejeu@amolf.nl Smectic membranes varying from 3 to 80 layers were drawn
"Present address: Institut Curie, 26 rue d'Ulm, 75005 Parisjn the SmA phase and then cooled into phases with hexatic
France. or crystalline surface order. Special large-size holders were
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=0.85 nm ! and a footprint of about 20.25 mnt (H

X V). As this value is well abover., the in-plane structure
of all layers was measured. We were forced to this choice
because early trial experiments at beamline BW2 of
HASYLAB (Hamburg, Germanyat 0.8 lead to thickening
instabilities of the smectic membraf#&5]. To monitor any
mosaicity variations in the top layers, the film was rotated
about its layer normaly scan$, as indicated in Fig. 1. The
resolution function was close to a Gaussian wikly,
=0.039 nm! (FWHM), giving rise to a spatial resolution
27/Aqg, =160 nm. This corresponds to the profile of the
direct beam and also to the width of a Bragg reflection from

a fully Cr-B membrane. All data were background corrected

made in stainless steel or brass, with either rectangular (19y subtracting the corresponding measurement of an empty
X 60 mnt) or circular (50 mm diameter holes with sharp sample holder.

edges. o Figure 2 shows for a seven-layer film the diffraction peak
In GIXD the x-ray beam is incident on the surface at a; Q=143 nn7%, corresponding to a local in-plane hex-

small glancing angler. For a<«., the critical angle of total agonal packing witta=4mq, o/y3=0.51 nm. Our trial ex-
reflection, only an evanescent wave penetrates into the fil eriments at HASYLAB, probing approximately the two
The wave-vector transfer is given lay=k,—k,, whereks 01 105 Jayers only, indicate an in-plane diffraction peak at
gndlka are the outgmhng and mczmmg_wfave Vvectors, res dpecfhe same position. This proves explicitly that the crystalliza-
tively (see Fig. 1 The scattered radiation is measured atijo, starts indeed at the surfaces of the membrane. Figure
various in-plane and normal components ®£(d, ,02), () indicates the general feature of the scans: A relatively
thus detgctlng any in-plane periodicity in depe_ndence of @ arrow  diffraction peak originating from the outermost
penetration depth of the x raylsl4]. In the situationa payaric SmB layers on top of a broad liquid peak from the
= ag, GIXD can siill be performed, but depth resolution is «ghstrate” of five interior SmA layers. The integrated in-
lost, begause Fhe”x—ray bt()eam :.S transmitted. fTh?] films Werg.nsity 1, of the former part is independent of the mem-
mountebl vertically éﬂ'll eam mde !I?]lOIE 0 é € ESRF brane thickness, whilé;,, of the latter part scales linearly
l(Grerc‘jobe' Frd"’?”oear(‘ﬂ'l uminated i 8 ethra b'a“O” S€-with the number of liquid interior layers. For each film thick-
ected by a diamorid1l) monochromator. The beam was ness, this puts a constraint on the ratig./1;,;. Intensity

focused in the horizontal plane to about 2. A linear 1,4 jations iny scans did not exceed 10%, indicating a

position-sensitive detector was mounted vertically at a d's'mosaic average over the footprint of the beam. Fits were

tance of 9'5 m from the s_ample, _thus C"’_‘tCh'ng In-a _s_lngl ade using the sum of a Lorentzian to represent the interior
shot the line shape associated with the in-plane posmonaiquid layers

ordering. The films were routinely characterized by x-ray
reflectivity, which showed a Bragg peak from the smectic S(q,)~[(q, —q )%+ 2] 1)
layering atq,o=2w/d=2.2 nnm 1. The mosaic distribution 9)~1(a o I

of the smectic layer normal was typically about 0.01° asand a square-root Lorentzian to describe the surface hexatic
measured from rocking curves. For GIXD the angle of inci-contribution

dence and the exit angle were symmetrically set at 0.6°,

FIG. 1. Scattering geometry with linear detector. The incident
plane is defined bk, and the surface norm&z, the scattering
plane byk, andkg.
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FIG. 2. X-ray scattering profiles from the in-plane hexagonal ordering of a seven-layer 40.8 merf@)ré2€ °C, SmA phase andb)
60.0 °C, hexatic SnB surface layer. Solid lines are fits to the sum of a Lorentzian and a square-root Lorefdz&h5 °C, CrB top layer,
with lower curve as the instrumental resolution.
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[ Hexafic Liquid in thick membranes of the compounds 650B&0] and
80| 460BC[16], that exhibit a SmA-SmB transition through
the whole film. We did not observe any thermal hysteresis in
the hexatic linewidth, which indicates that the hexatic-
isotropic transition in a 40.8 surface layer is second order.
These results are in strong contradiction to the 40.8 data
from electron diffraction[13]. Our results support similar
conclusions from multilayer membranes of tilted hexatics
[6], and are in agreement with ac-heat-capacity measure-
ments in an eight-layer 40.8 filifl.0]. These indicate that
the SmA-Sm-B transition in the outermost layer is continu-
i ous with a divergent, nearly symmetric specific heat
R anomaly. We conclude that the grazing-incidence x-ray dif-
fraction results for the isotropic-hexatic transition in a 40.8
Temperature (°C) top layer are in qualitative agreement with defect-mediated
theory. On the other hand, the observed singular behavior in
FIG. 3. Temperature dependence of the in-plane positional cofthe specific heat contradicts this theory, which predicts only a
relation lengths in 40.8 membranes. Single hexatic surface layefgygad bump at the high-temperature side of the transition.
for a seven-layer membrartepen circleg and for a 43-layer mem- Hexatic ordering in thin hexatic membranes has been
brane(triangles; (filled circles interior liquid layers for the seven- ¢ 4iag extensively by electron diffracti¢@1,22). For sev-
layer membrane. eral degrees below the liquid-hexatic transition, the surface
1. _ _ layers of thin 40.8 membranes showed no sixfold modula-
Herex=¢""1Is an inverse correlatlon_ length. The Structure ion of the scattering intensity in thg plane[13]. Electron
factor of Eq.(1) is typical for conventional 3D and 2D lig-_ gitraction of one- and two-layer films suffers from the same
uids e_md several othgr disordered systems. The _form of E‘i‘JrobIem[ZZ]. As possible explanation an intermediate phase
(2) arises from coupling between the liquid density and th etween isotropic and hexatic SBwas suggested. Our re-
fluctuations of the bond-orientational order parameter, and s for the positional ordering in Fig. 3 do not indicate

was successfully used before to dde_scribe_ the radial ling . yhing special in this region. We assume that the absence
shapeq 16-18. In fact, the measured intensity is & conVo- ¢ 3 madulation in the electron diffraction is due to the oc-

lution of 5(q,) and the resolution functioi(q,) of the o, rance of multiple hexatic domains of random orientations
d!ffractometer. ﬁs a 2D Fourier tran.sformatlon of E®  \ithin the small area of about 5050 wm? probed, whose
gives S(r )=r, “exp(-«r,), the folding theorem can be gj,e pecomes larger than the probing area with decreasing
used to calculate the experimental scattering profile as temperature. The larger area averaged over in GIXD would
be insensitive to such an artifact.
_ Finally, upon cooling the seven-layer 40.8 membrane fur-
'(a.) 277] SCOR(FD)I(A,r)r.dr, ® ther, at 55.5°C, the diffuse hexatic peak condenses into the
sharp, resolution-limited peak of the top-layer Erphase
Here R(r,)=exd —rf(Aq,)%2] is the Fourier transform of [see Fig. 20)]. In addition, for large values off, intense
R(q,) andJy(q,r,) is the Bessel function of zero order. diffuse scattering, characteristic of a 2D crystal, can be seen.
The combination of Eq92) and(3) for the scattering from  Only the lowest-orde(110) peak of the hexagonal lattice is
the surface Sn ordering and Eq(1) for the liquid layers, observed; the 2D lattice fluctuations and the molecular form
together with the integrated intensities constraints, provides factor cause the peak intensities to decay rapidly with in-
good fit to the data over the entire temperature range of thereasingq, . Simultaneously, the rather uniform in-plane
top-layer SmB phase. This yields the temperature depen-mosaic of the SnB phase becomes discrete. ynscans nar-
dence of¢é shown in Fig. 3. The Lorentzian width of the row peaks with a mosaicity of about {FWHM) are mea-
interior SmA layers corresponds to in-plane positional cor-sured, indicating a well-defined ordering of the lattice sites.
relations of about 1 nm and is independent of temperaturedowever, their orientation varies with time: the peak posi-
Evidently, the interactions between the freezing outermostions in y change in rather random way on the scale of min-
layers and the liquid interior “substrate” layers are very utes (“moving mosaic”). These problems prevent us from
small. obtaining reliable line shape data to check the expected be-
With decreasing temperature the positional correlatiorhavior ~(q, —q, o)2~ 7 for the diffuse scattering of the 2D
length ¢ of the top layers increases between 62.5°C andCr-B phase of a surface layer. No thermal hysteresis is ob-
60 °C continuously from about 2.5 nm to more than 40 nm,served at the hexatic-crystal transition. At this transition also
and then saturates at lower temperatures. Clearly a pretrane anomaly is found in the specific hgaD]. The evolution
sitional growth of¢ is present above the hexatic-isotropic of the hexatic linewidth above the Sm-B-Cr-B transition in-
transition atT;. Such a behavior implies large hexatic fluc- dicates no pretransitional growth within the resolved tem-
tuations that couple to the density fluctuations, causing theerature accuracys0.05°C. These results suggest that the
x-ray scattering to become singularTat[19]. Such a critical hexatic-crystal transition in a 40.8 top layer is abrupt, and
behavior in the x-ray structure factor has also been observeselongs to the class of weakly first-order transitions.
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In conclusion, we have presented grazing-incidence x-ray We thank Ricarda Opitz(Amsterdam and Mourits
diffraction results for the two-step surface freezing of aNielsen (Ris6, Roskilde, Denmark for their contribution
single top layer in smectic membranes of the compoundt the initial stage of this experiment at beamline BW2
40.8. In contrast to earlier electron diffraction results noof HASYLAB (Hamburg, Germary We acknowledge
anomalous phase is observed below the surface liquicthe help of Andrei Moskalenko with the deconvolution
hexatic phase transition. We find that this transition is conprocedure. This work was part of the research program
tinuous, while the hexatic-crystal transition is weakly firstof the “Stichting voor Fundamenteel Onderzoek der
order with an abrupt change of the in-plane positional correMaterie (FOM),” which was financially supported by the
lations. These single-layer data provide a firm basis for ex*Nederlandse Organisatie voor Wetenschappelijk Onderzoek
isting results for multilayer membranes of tilted hexatics, agNWO).” B.l.O. acknowledges support from NWO in
well as for complementary data on the hexatic ordering stilthe framework of the cooperation program with the Russian

needed. Federation.
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