
PHYSICAL REVIEW E JULY 1997VOLUME 56, NUMBER 1
Electron-diffraction study of a one-layer free-standing hexatic liquid-crystal film
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We report the successful formation of stable one-layer free-standing films ofn-pentyl-48-
n-pentanoyloxy-biphenyl-4-carboxylate on which structural measurements have been made using electron
diffraction. We show that the scaling relation among the 6n-fold bond-orientational order parameters in the
single-domain hexatic-B phase in a one-layer film is identical to that reported earlier in a two-layer film. This
implies that a two-layer film indeed approaches the two-dimensional limit.@S1063-651X~97!05807-8#

PACS number~s!: 61.30.Eb, 64.70.Md
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The technique of free-standing liquid-crystal films w
developed by Younget al. in 1978@1#. It paved the way for
the use of this unique physical system to study the evolu
of phase transitions from the thick-film to the thin-film limi
as well as for the investigation of substrate-free tw
dimensional~2D! behavior and the effect of free surface
Films in the smectic-A (Sm-A) or smectic-C phase can be
made by drawing a spreader that is wet with the liqu
crystal material across an aperture on a sample holder. A
some practice, it is fairly easy to form films with thickne
varying from a few molecular layers to hundreds of laye
However, it has been the conventional experience that o
layer films are not sufficiently stable to make measureme
with.

Even though the thinnest free-standing liquid-crystal fil
that have hitherto been studied extensively contain two
ers rather than one, it is generally believed that the two-la
film already possesses 2D properties@2#. It has been argued
that a two-layer film, by being centrosymmetric and show
a single heat-capacity anomaly, exhibits 2D thermodyna
behavior@3,4#. However, no explicit experimental evidenc
has been available to directly support this argument. In
paper, we report the structural measurement of a one-l
film of n-pentyl-48-n-pentanoyloxy-biphenyl-4-carboxylat
~54COOBC! using electron diffraction and the analysis
the bond-orientational order parametersC6n in its single-
domain hexatic-B (Hex-B) phase. Our objective is to com
pare the scaling parameterl relating theC6n’s in a one-layer
film with that from a two-layer 54COOBC film.

The liquid-crystal 54COOBC undergoes the bulk pha
transitions from the isotropic to the crystal-B (Cry-B) phase
@5#,

Isotropic→
70 °C

Sm-A→
55 °C

Hex-B→
53 °C

Cry-B.

This compound is somewhat unique, not only in display
the Sm-A–Hex-B–Cry-B phase sequence, but also in sho
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ing an unusual layer-by-layer thinning behavior above
bulk Sm-A–isotropic transition temperature@6# at which
free-standing films are not supposed to be stable due to
lack of layer structure in the isotropic phase. In the course
our study of thin 54COOBC films, we were able to ma
stable films for which the reflected light intensityR, accord-
ing to the relationR}N2 for N<15, whereN is the number
of layers@7#, indicated that the film thickness was equivale
to a single molecular layer. This therefore represents the
port of the existence of stable one-layer free-standing fi
with thickness of the order of 25 Å suitable for physic
measurements@8#.

By spreading films in its Sm-A phase across circular ap
ertures of different sizes, we have found that one-layer fil
are most likely to be stabilized with an aperture diameter
1 mm or less. The one-layer film reported here was form
across a 0.7-mm aperture. The He-Ne laser beam was
cused down to 0.3 mm at the sample for reflectivity measu
ment.

Upon cooling from the Sm-A phase, the electron
diffraction patterns observed in a one-layer 54COOBC fi
are illustrated in Fig. 1. The general features of these diffr
tion patterns are qualitatively the same as those of a t
layer film reported previously@9#. Our data suggest the tem
perature sequence

Sm-A →
67 °C

Hex-B1 →
64.5 °C

Hex-B→
62 °C

Cry-B.

Above 67 °C, the film was in the Sm-A phase. Its diffrac-
tion pattern was typified by Fig. 1~a!, which shows a diffuse
ring of constant intensity, signifying the liquid nature of th
phase. When the film was cooled down to about 67 °C
diffraction pattern labeled as Hex-B1 was observed, as
shown in Fig. 1~b!. This transition was characterized by th
enhancement of the in-plane positional order, as indicated
a sharpening of the diffraction ring, without exhibiting an
sixfold intensity modulation around the ring as expect
from a single-domain Hex-B sample. A discussion of the
possible nature of the Hex-B1 phase will be given later. At
around 64.5 °C, the Hex-B diffraction pattern appeared, con
sisting of six identical arcs that are indicative of a sam
ty,
592 © 1997 The American Physical Society
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56 593ELECTRON-DIFFRACTION STUDY OF A ONE-LAYER . . .
with long-range bond-orientational order. The evolution
the Hex-B pattern with decreasing temperature, as shown
Figs. 1~c!–1~e!, suggests a monotonic increase in the deg
of hexatic order. The sample underwent an apparently c
tinuous transition at about 62 °C to the hexagonal CryB
phase, featuring a set of six sharp diffraction spots, as sh
in Fig. 1~f!.

To obtain the higher-harmonic 6n-fold bond-orientational
order parametersC6n5Rê exp@i6nu(r )#&, where u is the
angle between the local physical bond connecting neigh
ing molecules and some reference axis, the diffraction int
sity I (x) of the hexatic arcs as a function of the anglex was
fitted with the expression

I ~x!5I 0H 1
21 (

n51

`

C6ncos@6n~x230°!#J 1IBG, ~1!

whereIBG is a fitting parameter representing the backgrou
intensity. The values of theC6n’s so determined in the
single-domain Hex-B phase are displayed in Fig. 2.

Aharony et al. @10# showed that the order paramete
C6n , at least in the critical region, should follow the scalin
relation

C6n5C6
s~n! , ~2!

where the exponentss(n) are related to the crossover exp
nents from theXY to other universality classes. In three d
mensions, they can be expressed as

FIG. 1. Electron-diffraction patterns from a one-lay
54COOBC film: ~a! Sm-A phase at 68.4 °C,~b! Hex-B1 phase at
66.5 °C,~c! Hex-B phase at 63.7 °C,~d! Hex-B phase at 63.3 °C
~e! Hex-B phase at 62.7 °C, and~f! Cry-B phase at 61.2 °C. The
radius of the diffraction circle is 1.4 Å21.
f
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n-

n
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d

s~n!5n1ln~n21!, ~3!

with l>0.3. It has been shown that in two dimensio
s(n)5n2 @11# or l51 if one fits the data to Eq.~3!. Hence
the scaling parameterl is a good indicator of the effective
dimensionality of the system under study.

From the experimentally determined bond-orientatio
order parametersC6n , the scaling exponentss(n) were cal-
culated using Eq.~2!. The values ofs(n) were then com-
pared with Eq.~3! to obtain the value ofl that best described
the data. The results are shown in Fig. 3~a!. It can be seen
that the data in the temperature range where long-ra
Hex-B order was observed are all consistent withl51, in-
dicating that the scaling relationsn5n2 expected in a 2D
XY system is obeyed in our one-layer 54COOBC film.

By comparing the scaling relation among theC6n’s ob-
tained in our one-layer film with that reported previously in

FIG. 2. Temperature dependence of the bond-orientational o
parametersC6n from a one-layer 54COOBC film. The dashed lin
are a guide to the eye.

FIG. 3. Temperature dependence of the scaling parametl
from ~a! a one-layer and~b! a two-layer 54COOBC film~from Ref.
@9#!.
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594 56CHIA-FU CHOU, JOHN T. HO, AND S. W. HUI
two-layer 54COOBC film in its Hex-B phase@9#, as shown
in Fig. 3~b!, we conclude thata two-layer film behaves es
sentially the same as a one-layer film, implying that the two-
layer film indeed approaches the 2D limit. This affirmation
important because it is known that multilayer films can e
hibit departure from 2D behavior@12# as well as layer-by-
layer transitions@13#.

Our measurements also lead to the following obser
tions. The fact that the single-domain Hex-B phase is pre-
ceded by a phase that we call Hex-B1 , with hexaticlike po-
sitional correlation length but no long-range bon
orientational order, has also been seen in other mater
including 4O.8@14#. The true nature of the Sm-A–Hex-B1
phase transition remains an open question. The HexB1
phase could be a multiple-domain Hex-B phase spatially av-
eraged by the electron beam of diameter 50mm. On the other
hand, from a theoretical point of view, there is no reas
why we could not have a transition from a 2D isotropic li
uid with short-range positional and bond-orientational cor
lations to another isotropic phase~i.e., nonhexatic! with
longer-range positional correlations@15#. If this is the case,
since there is no symmetry breaking, the Sm-A–Hex-B1
transition must be first order. In other words, it will not be
Kosterlitz-Thouless~KT! transition@16# as described in the
2D defect-mediated melting theory@17#. The fact that the
heat-capacity anomaly in a two-layer 54COOBC film@3# and
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the optical-reflectivity change in a one-layer film@18# in the
vicinity of this transition suggest a weakly first-order tran
tion with strong pretransitional effects could be interpret
as supporting this argument.

The discovery of the hexatic phase in a liquid-crystal s
tem @19# was a benchmark verifying the defect-mediat
theory of 2D melting. However, the expected KT-type b
havior associated with its transitions has never been
served in 2D liquid-crystal films, despite having been o
served in the superfluid transition of thin helium films@20#
and in the roughening transition of equilibrium crystal su
faces @21#. Since our electron-diffraction data have unam
biguously demonstrated 2D hexatic behavior in one- a
two-layer 54COOBC films, the Hex-B–Cry-B transition in
these films would appear to be an excellent candidate to
hibit KT-type pretransitional properties. Unfortunately, bo
high-resolution heat-capacity and optical-reflectivity me
surements so far have not been able to reveal any resolv
changes in these properties near the Hex-B–Cry-B transi-
tion in 2D 54COOBC films@3#.
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