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Orientational and Positional Order in a Tilted Hexatic Liquid-Crystal Phase
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We present a synchrotron-x-ray study of smectic-C (Sc) and smectic I (St) phases in a single

domain freely suspended film. Weak bond-orientational order in the Sc phase evolves continuously
into the Sl phase so that the two phases are not thermodynamically distinct. From a Fourier
analysis ~e obtain the hexatic order parameter C6, the coefficient of cos6g. The higher harmonics

behave as C6„C6",with o„=n +0 3n (.n —1), in agreement with a scaling theory.

PACS numbers: 64.70.Md, 61.30.6d

It has been known for many decades that con-
densed-matter systems may be described by indepen-
dent positional and bond-orientational (BQ) order
parameters. ' Further, there is no symmetry reason
why the positional and BO order must vanish at the
same temperature. Thus it is possible to have a phase
of matter in which the positional order is short range
as in a liquid or glass but the BO order is long range as
in a crystalline solid. Indeed, by generalizing concepts
developed in the context of theories of two-di-

mensional dislocation-mediated melting it has been
suggested that such an unusual phase could occur in
certain smectic-liquid-crystal materials. This phase
has been labeled "stacked hexatic" for hexagonal-
symmetry systems. Pindak and co-workers first ob-
served this novel phase in freely suspended liquid-

crystal films. However, in the materials studied by
that group it was not possible to produce single-

domain samples so that the BO order could not be
studied quantitatively.

Very interesting theoretical predictions have been
made for the smectic-C (Sc), smectic-F (SF), and
smectic-I (St) phases, in which the molecules are tilt-
ed with respect to the layer normal. 4 The SF and St
are hexatic phases with molecules tilted between and
towards near neighbors, respectively. However, cou-
pling to the molecular tilt should induce long-range
hexatic order even in the fluid Sc phase. This predic-
tion by itself presents an interesting problem for study.
An equally attractive feature of the tilted hexatics is
that the coupling between the tilt and BQ order pro-
vides a possible avenue for the growth of single domain-
samples. This ~ould, in turn, make possible direct
measurements of the 80 order, an essential aspect of
BO-ordered phases which has not yet been studied in

substrate-free systems.
In this paper we report a study of the Sc St transi-

tion in the liquid-crystal material racemic 4- (2-
methylbutyl) phenyl 4'- (octyloxy) -(1,1')-biphenyl-4-
carboxylate (SOSI). SOSI has a rich phase diagram5:

174.5' 170.0' 133.4 79.9' 75.1' 61.9'
I N Sx Sc Si SJ Sx.

The phase sequence S„-Sc Si on cooling was an
essential factor in choosing this material. SJ and Sg
are crystalline phases without and with herringbone or-
der, respectively. The smectic layers were aligned by

pulling a freely suspended Sq film across an 8-mm
hole in a 0.64-mm-thick piece of polished stainless
steel. This yielded a film of approximate thickness 10
It.m. The sample was maintained at 1 Torr of nitrogen
in a two-stage oven which controlled the temperature
to better than 5 mK. The tilt field, P(r), of the sam-

ple was aligned as the film cooled from the S„phase
into the Sc phase by two SmCo5 magnets (H —0.1 T)
which held the tilt field in place thereafter. Samples
consisting of a single tilt domain could be routinely
produced and maintained for weeks. Optical measure-
ments show that the tilt mosaic is & 1.5'. Over the
course of the experiment ( —3 weeks) the Sc- S,
transition temperature drifted & 1' C. These mea-
surements were the first done on beam line X-20C at
the National Synchrotron Light Source (NSLS). Run-
ning in an unfocused configuration, the monochroma-
tor consisted of a pair of Si(111) crystals set to the
Cu-E edge ( A. = 1.3796 A. ) . The analyzer was a

Ge(111) single crystal. [b,g ~~

= 2 x 10 A ', AX

& 0.05' (the X axis is normal to the smectic plane)].
The illuminated spot size was set by a 1.6-mm-diam
hole in a tantalum plate directly in front of the sample.
A Huber six-circle diffractometer provided the neces-
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FIG. 1. Angular scans in x along the peak of the form
factor and structure factor as a function of temperature in

SOSI. The solid lines are the results of fits to Eq. (1) with

C6„-C62 '" " vrhile the dashed line for T=77.024'C is

the result of a fit to Eq. (2).
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FIG. 2. Longitudinal scans through the g= 90' peak. The
solid lines are the results of fits to Eq. (2).

sary sample and analyzer motions.
The in-plane x-ray-scattering profile of the Sz phase

is a diffuse ring characteristic of the fluid order in the
smectic layers. As hexatic ordering develops in a
single-domain sample, one expects the ring to develop
a sixfold modulation, eventually breaking up into six
symmetrically placed diffuse spots. In the ease of the
Sc phase, the shape of the diffuse ring is more com-
plex. As a result of the tilt of the molecules„ the
molecular form factor is tilted with respect to the plane
of the smectic layers, effectively tilting the diffuse
ring. Accordingly, it is necessary that X scans be done
in the tilted plane which contains the maximum of the
molecular form factor. 3 Further, because of the tilt,
the BO order will have overall twofold symmetry
although the sixfold aspect should dominate.

Figure 1 shows X scans along the peak of the molec-
ular form factor at several temperatures near the previ-
ously reported Sc to Sr phase transition. At high tem-
peratures the ring is uniform to within our counting
statistics. As the sample is cooled, a measurable
sinusoidal modulation of the ring develops. At T
—77.5'C the X scan shows definite peaks every 60'
indicating substantial amounts of hcxatic BO ordering.
The magnetic field direction is X =0' so that the BO-
order peaks indeed come at the angles expected for a

Sl phase. 3 Figure 2 sho~s longitudinal scans through
the same peak. At high temperatures wc see a broad
diffuse scattering profile indicative of short-range posi-
tional order. As the sample is cooled, the width of the

peak narrows simultaneously with the development of
the BO order, suggesting that the enhanced positional
correlations are due to a coupling to the BO order. At
no point do we approach the resolution of our spec-
trometer; the positional order is always of short range.

In order to characterize the BO order quantitatively,
we performed a nonlinear least-squares fit of the X

scans between 60' and 120' to the Fourier cosine
series

S (X) = Ip —,
' + $ C6„cos6n (90' —X) + lao, (1)

n=1

where X is the angle between the in-plane component
of Q and H. The coefficients C6„measure the amount
of 6n-fold ordering in the sample. These fits neglect
the residual twofold effects arising from the molecular
tilt which breaks the hexagonal symmetry; this approx-
imation does not affect our principal conclusions.
With the constant term chosen as —,

'
in Eq. (1), the

C6„approach 1 for perfect BO and positional order.
From the scans deep in the SI phase we find a back-
ground, laG, of 20 counts per 106 monitor counts.
The fits show explicitly that the system smoothly
develops first sixfold order, then twelvefold order,
then cightecnfold order, etc. There is no abrupt tran-
sition; rather the evolution is smooth and continuous.
This behavior confirms the prediction that coupling
between the tilt and hexatic fields induces hexatic or-
dering in the Sc phase, destroying the Sz Sl phase
boundary. The situation is similar to that of a fer-
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FIG. 3. Orientational order parameters C6 [Eq. (I) unre-
stricted] and p6 [o.„=2.6(n —I)] vs temperature. Inset:

the first four Fourier coefficients plotted as C6„'

romagnet in an applied magnetic field or a triangular,
incommensurate, hexatic phase on a hexagonal sub-
strate such as xenon on graphite. 6

The hexatic order parameter C6 is shown in Fig. 3;
as noted above, Cs evolves continuously. In analyzing
the results of the fits we discovered a simple scaling

relation C6„=C6". As average values we find o2
= 2.57 +0.05, rr3=4.80 +0.14, rr4= 7.59 +0.27, o.

5

=10.96+0.44, rr6=14.85+0.70, and o7=19.2+1.4.
With this scaling, all C6„out to n = 7 fall on the same
curve to within the fitting error over the complete
temperature range with no adjustment in the ampli-
tude. This is illustrated for the first four harmonics in

the inset of Fig. 3. We note that the successive o.„are
increasingly determined by the large-Cs data.

In an attempt to understand this novel scaling
behavior, we first noted empirically that to a good ap-
proximation rr„= 2.6(n —1) for 1 & n & 6; this form
allows one to sum Eq. (1) exactly. The solid lines in

Fig. 1 are, in fact, calculated with this approximation
and the order parameter so obtained is plotted as icr6 in

Fig. 3. Clearly ps and C6 obtained from the unrestrict-
ed fits agree well. More recently, stimulated by these
experiments, a multicritical scaling theory for this
transition has been developed. 7 The theory predicts
that the effective exponents should have the form
o„=n + A. (T)n (n —1). Indeed, the values quoted
above fit this prediction excellently with X( T) = 0.295.
Plots using this form are indistinguishable from those
in Fig. 1 although the goodness-of-fit parameter X2 im-

proves by a factor —4 deep in the Sz phase. The or-
der parameter obtained in these latter fits agrees
within the errors with C6 and Qs in Fig. 3.

To characterize quantitatively the positional order, it
is necessary to use a simple model. For a hexatic with
perfect BO order but only short-range positional order,
a reasonable Ansatz is a sixfold symmetric pattern of
circular Lorentzian spots. 6 Inclusion of BO fluctua-
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tions produces an effective mosaic averaging of these
circular Lorentzian spots. In the harmonic approxima-
tion the consequent line shape iss

exp[ ——,
'

i]r2/( ~8t]I)2) ]
s(Q)m dy ~'+ Q'+ G' —2QG cos(e —

q )

(2)

where 8 is the angle between the in-plane component
of Q and G.

For )Q —G[ & Glgicrl, the BO fluctuations distort
the longitudinal line shape so that they are well ap-

proximated by the square root of a Lorentzian. In pre-
vious studies it has been found that the square root of
a Lorentzian (SRL) line shape fits smectic-phase in-

plane longitudinal scans quite well. 3 9 The ratio of the
longitudinal to the transverse linewidths is 1:5 at
X = 90'. Interestingly, this same aspect ratio was

found for monolayer xenon on graphite. s Therefore,
we ftt the 90' longitudinal scans in the region G + 5~
to a SRL line shape. The SRL line shape works well

for this range of Q over the entire temperature range.
The out-of-plane component of the line shape is due
to the molecular form factor and is well described by a
Lorentzian of width g, . Including this form factor in

Eq. (2), we can simultaneously fit the longitudinal and
X scans. This fit should hold over a larger range of Q.
The solid lines in Fig. 4 are results of fits to Eq. (2);
the SRL results are indistinguishable. As expected,
Eq. (2) holds over a much larger range of Q. It should
be noted that Eq. (2) has been multiplied by a linear
scale factor 1+8(Q —G) to account for the overall
asymmetry9 of the profile about G.

As noted previously, the molecular tilt breaks the
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FIG. 4. Longitudinal correlation lengths for the 90' (gi)
and 30' (g2) peaks. $(SRL) is the value obtained from the
SRL line shape while g(HA) is the value obtained from the
harmonic approximation Eq. (2).

100



VOLUME 57, NUMBER l PHYSICAL REVIEW LETTERS 7 JUL+ 1986

hexagonal symmetry so that the peaks +90' differ
from those at +30' and +150', specifically, the in-
plane lattice constants differ by about 10%. We have
fitted the two types of peaks separately to Eq. (2); the
results for the 30' and 150' peaks are less reliable be-
cause the beam was blocked by the SmCo5 magnets for
X ( 32 and X ) 155'. With this caveat, the trans-
verse angular spread ( )5/2~) 'i2 is identical for the two
peaks while as shown in Fig. 4, ((30') =((90') = gt
in the S& phase. ' In general, the simplified SRL line
shape gives results quite similar to those obtained
from the full theory, Eq. (2).

These experiments have enabled us to obtain rather
complete information about the BO and positional
correlations in the Sc and Si phases of 8OSI. The BO
order is locked to the tilt and grovrs continuously as
one cools from the Sc to S& phase so that the two
phases are not, in fact, thermodynamically distinct.
Successive Fourier components of the hexatic order

grow progressively with the simple law, C6„=C6".
The positional correlations grow anisotropically in the
$1 phase with $(90') reaching —250 A before the
transition into the crystalline SJ phase.
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Note added. —An elegant experiment demonstrating
BO order in a Sq phase via the defect structures was re-
cently reported by Dierker, Pindak, and Meyer. "
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