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Viscosity of a Liquid Crystal near the Nematic–Smectic A Phase Transition
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We report the results of an x-ray scattering study where both the dynamic and the static properties of
a liquid crystal (8OCB) near the nematic–smectic A phase transition were probed. The static, time-
averaged data show the gradual formation of smectic layers in the nematic phase, and we find that the
smectic order correlation length parallel to the molecular axis diverges with the critical exponent �k �
0:70�4� at the transition. The literature value is �? � 0:58 for the perpendicular direction. By x-ray
photon correlation spectroscopy, we find that the viscosity coefficient �3 shows critical, diverging
behavior at the phase transition with a critical exponent x � 0:95�5�. This contradicts previous light
scattering work �x � 0:50�, but is in good agreement with the theoretical prediction x � 3�k � 2�? by
Hossain et al. [Phys. Rev. B 19, 432 (1979)].
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or a magnetic field, is applied. At the free surface of the surface by the surface field. The capillary wave will
It has been demonstrated recently [1] that capillary
wave dynamics on a liquid can be measured by x-ray
correlation spectroscopy (XPCS) [2]. In this Letter we
show how capillary waves can be used to probe the
viscosity of an anisotropic fluid. More specifically we
present the results of the first XPCS measurement of a
liquid crystal (8OCB) near the nematic(N)–smectic A
(SmA) phase transition. The N-to-SmA transition of the
bi-phenyl compound 8OCB has previously been charac-
terized in great detail in static, time-averaged x-ray
scattering experiments [3,4]. Here we take the full ad-
vantage of combining time-averaged x-ray scattering and
XPCS to access both the static and dynamic information
simultaneously. The viscosity extracted from the XPCS
measurements is diverging with the critical exponent x �
0:95�5� at the N-SmA transition. This is in striking con-
trast to previously published light scattering results [5]
but in good agreement with theoretical predictions based
on mode-mode coupling calculations [6].

Liquid crystals are found in many different phases, and
a wealth of experiments has led to a rather complete
description of their structural properties and phase
behavior [7]. The second order N-to-SmA phase transition
has been the subject of continued interest since its
analogy with the normal-to-superconductor transition
was pointed out by de Gennes [8]. In the nematic phase
�T > TNA� the molecular axes n of the elongated mole-
cules are aligned parallel to each other but their centers-
of-mass are distributed randomly. This changes in the
SmA phase (T < TNA), where the aligned molecules are
arranged in layers normal to n with liquidlike order
within each layer. As the second order transition is ap-
proached from above, SmA layered clusters with smectic
order correlation lengths of �k and �? ( k parallel, ?
perpendicular to n) are formed in the bulk. These clusters
have no preferred orientation unless an ordering field,
arising from an interface, a free surface, an electric field,
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8OCB, smectic surface layers (parallel to the surface)
are formed simultaneously with the bulk clusters. The
lateral extent of these surface layers is essentially infinite
while their penetration depth into the bulk coincides with
the bulk correlation length [4]. The formation of the
oriented surface layers leads to an alignment of the bulk
sample with n normal to the surface [4,9]. It was pre-
dicted [8] that, in analogy to the normal-to-superconduc-
tor transition, the correlation lengths �k and �? should
diverge at the transition, and �k / t��k and �? / t��?

with critical exponents �k � �? � 2=3 where t is the
reduced temperature t � �T � TNA�=TNA. In a mean-field
approach one expects �k � �? � 1=2. Neither of these
values were found experimentally for any investigated
system [10] and only a refined theory including crossover
effects [11] led to a good agreement with experimental
results, e.g., �k � 0:71 and �? � 0:58 for 8OCB [3,4].

In contrast to simple isotropic fluids, the viscosity of a
nematic liquid is anisotropic and can be described by
three viscosity coefficients �1, �2, and �3 [5] depending
on the relative orientation between the flow velocity v,
rv, and n. �1�3 are usually defined with the help of five
Leslie coefficients [5,12] or expressed in terms of the
Harvard coefficients �1�5 [13], and only �3 is expected
to diverge at the N-to-SmA transition [5]. If the molecules
are aligned parallel to the surface plane, e.g., by applying
an ordering field, the capillary wave dynamics will be
governed by �2 for q?n (case A, Fig. 1), while it is
determined by both �1 and �3 for q k n (case B).
Capillary wave motion in magnetically aligned liquid
crystals has been studied by laser light scattering [5,14]
in the vicinity of the N-to-SmA transition. The coeffi-
cients �1 and �2 were both found to exhibit a nondiverg-
ing Arrhenius behavior, whereas �3 was reported to show
critical, diverging behavior. Our viscosity measurement
was performed in the free surface geometry, and hence
all 8OCB molecules are aligned perpendicular to
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FIG. 2. Critical behavior of �k as a function of t. The solid
line is a power-law fit with the parameters given in the figure
and TNA � 337:74 K. The inset shows the critical behavior of
the smectic susceptibility C (arbitrary units).

FIG. 1. Specular qz scans near the smectic layering peak at
two different temperatures (T > TNA and T < TNA). The peak
position corresponds to �o � �i � 1:40�. The insets show a
sketch of the scattering geometry (right) and illustrate possible
orientations n of the 8OCB molecules relative to the propaga-
tion direction q of the capillary waves at the surface (left).
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then propagate perpendicular to the molecular axis (q?n,
case C in Fig. 1) and the dynamics will depend on both �1

and �3 [9].
The experiment was carried out at the Troı̈ka beam-

lines ID10A 	 B at the European Synchrotron Radiation
Facility (ESRF) and x rays with a wavelength of 1.55 Å
(E � 8:02 keV) were used. The XPCS measurements re-
quire a partially coherent beam, implying the beam col-
limation to match the transverse coherence lengths
( 
 10 �m) at the sample position [15]. This was accom-
plished by selecting the central part of the undulator cone
with the help of a pinhole aperture of 10 �m diameter
placed upstream of the sample. For the static, time-
averaged measurements the beam size was 30�v� �
1000�h� �m2. The 8OCB sample (octyloxycyanobi-
phenyl with a purity better than 99.9%, purchased from
SYNTHON AcMaRi, Germany) was kept in an alumi-
num trough mounted on a heating stage in a closed cell
with appropriate temperature control (�T < 0:02 K). To
minimize parasitic air scattering, the cell was He filled
during the experiment. The amount of 8OCB was chosen
such that it formed an extended drop (approximately
80 mm wide and 0.5 mm deep) in the isotropic phase
(T > 353 K). The beam was bent down onto the surface
and the incidence angle �i was kept constant at 0:1�

during the XPCS measurements. During the static,
time-averaged scattering experiment the incident and
exit angles were simultaneously scanned around 1:40�

to record the specular qz scan (Fig. 1, inset). The scattered
intensity was measured by a scintillation detector
mounted at the exit of an evacuated flight tube. For the
XPCS measurements the detector output signal was pro-
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cessed by an autocorrelator device that computed the time
correlation function g2��� online.

8OCB forms layers in the SmA phase with a d spacing
of 31.5 Å and therefore a pronounced peak at q0 �
2�=31:5 �A � 0:199 �A�1 is expected in an x-ray reflec-
tivity scan [4]. This is confirmed in the present experi-
ment. Figure 1 shows two qz scans around the peak in the
nematic phase (T � 341:95 K) and in the smectic-A phase
(T � 337:35 K). The line shape of the peak can be de-
scribed by

S�q� �
C

1	 �2
k
�qz � q0�

2 	 �2
?q

2
? 	 �4

sq
4
?

; (1)

where C � ct�� is the smectic susceptibility and q? is the
component of the momentum transfer in the plane of the
surface (q? �

�����������������
q2x 	 q2y

q
). The quartic term in Eq. (1) has

its origin in layer fluctuations that depend on the elastic
constants of the smectic, and �s is the splay correlation
length [4]. The solid lines in Fig. 1 show fits to the data
using Eq. (1) convoluted with a box function to account
for the instrumental resolution in q space. In addition, a
constant background was subtracted. The extracted corre-
lation lengths �k (parallel to n) are plotted in Fig. 2 as a
function of the reduced temperature t. �k shows critical
behavior, and a power-law fit to the data yields the ex-
ponent �k � 0:70�4� in good agreement with previously
published results (�k � 0:71 [3]). The inset of Fig. 2
shows the smectic susceptibility C derived from the fits
as a function of reduced temperature t. The data follow a
power law with the exponent � � 1:31�4� in good agree-
ment with literature values [3,4].

The viscosity of 8OCB was measured by XPCS [1,2].
The incidence angle �i of the coherent x-ray beam was
085701-2
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kept below the critical angle for total external reflection.
The take-off angle �o of the scattered beam was varied
by translating the detector and thereby varying qx �
2��cos�i � cos�o�=" with qx being the momentum trans-
fer in the scattering plane, parallel to the surface. Time
correlation functions g2�q; �� � hI�q; t�I�q; t	 ��i=hIi2

were recorded for different momentum transfers qx and
for different temperatures. Here I�q; t� is the scattered
intensity, and the brackets denote the time average. The
relaxation rate ��1

0 was determined by fitting a single
exponential g0e��=�0 	 1 to the measured homodyne cor-
relation function g2���. Figure 3 shows the relaxation
rates ��1

0 as a function of qx for T � 338:65 K. All
measured correlation functions were well described by a
simple exponential form (inset of Fig. 3), and thus we
exclude the existence of any other dynamic processes in
the experimentally accessible time window (1 �sec &

�0 & 50 sec). The dispersion relation for capillary
waves [16] predicts overdamped modes ���1

o / qx� to
decorate high viscosity liquids, while propagating modes
���1

o / q2x� are expected on low viscosity surfaces. The
data in Fig. 3 unambiguously show a linear relationship
between the relaxation rate ��1

0 and qx proving that the
surface dynamics is dominated by overdamped modes. In
the overdamped regime, ��1

0 � qx%=�, where � is the
viscosity and % the surface tension. The solid line in Fig. 3
is the result of a linear least squares fit to the data yielding
%=� � 35:76�84� cm= sec at T � 338:65 K. Overdamped
dynamics was found for all investigated temperatures
(337 & T & 348 K). Since the surface tension (% �
FIG. 3. Variation of relaxation rate as a function of in-plane
wave-vector qx at T � 338:65 K. The solid line is a linear fit
with slope 35:76� 0:843 cm=sec. The inset shows an intensity
autocorrelation function g2��� taken at qx � 710 cm�1 de-
scribed by a single exponential decay. The amplitude (contrast)
depends on the experimental setup and was kept constant
at 
1:06.
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28 dyn=cm [5,14]) is largely unaffected by the phase
transition, the data reflect the temperature dependence
of the viscosity. The temperature dependence of � is
shown in Fig. 4 (open circles) indicating a diverging
behavior at the phase transition (dashed line).

Since the director n in the bulk liquid is aligned by the
smectic A surface layers [4,9], the capillary waves are
propagating normal to n, and the viscosity � for a com-
pletely aligned sample is given by [5]

� � �1

��������������������������
1	 �3=4�1

q
: (2)

The viscosity coefficient �1 is nondiverging at the tran-
sition and follows a simple Arrhenius behavior. Using
literature values [5] for �1 (see Fig. 4) one can extract
�3 with the help of Eq. (2) from the experimental data.
The result is shown in Fig. 4 (open squares). The data can
be modeled by

�3 � At�x 	 B; (3)

where A is a constant, t is the reduced temperature, x is
the critical exponent, and B is a nondiverging contribu-
tion to �3 [17]. The determination of the exponent x
is very sensitive to a correct evaluation of the transi-
tion temperature TNA, and we used the result (TNA �
337:74 K) of the least squares fit to the static x-ray
scattering data (Fig. 2) thus reducing the number of free
parameters when fitting Eq. (3) to the viscosity data. The
result of the fit is shown by the solid line in Fig. 4 and
yields x � 0:95�5�. This is in striking contrast to the
mean-field exponent x � 1=2 reported in previous light
scattering work [5]. The observed exponent is, however,
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FIG. 4. � (open circles) vs reduced temperature t. The dashed
line is a guide to the eye indicating the diverging nature of the
data. �3 (open squares) was determined from � with the help
of Eq. (2) and �1 (dash-dotted line) from Ref. [5]. The solid
line is a fit of Eq. (3) to the �3 data yielding x � 0:95�5�, A �
�5:8� 1:6� � 10�2 poise, and B � �1:5� 1:2 poise.

085701-3



P H Y S I C A L R E V I E W L E T T E R S week ending
28 FEBRUARY 2003VOLUME 90, NUMBER 8
in good agreement with a theoretical prediction by
Hossain, Swift, Chen, and Lubensky [6]. Using the
Harvard notation for the viscosity coefficients, �3 can
be expressed in terms of the coefficients �1�3 [13] and

�3 � 2��1 	 �2 � 2�3�: (4)

It was shown [6] that only �1 diverges at the N-to-SmA
transition while �2;3 were predicted to exhibit a nondi-
verging behavior, thus substantiating the parametric form
of Eq. (3). Because �1 / �3

k
=�2

? is determined by the
static correlation lengths [6] one finds, using Eq. (4), that

x � 3�k � 2�?: (5)

By inserting �? � 0:58 and �k � 0:70 (from Fig. 2) we
obtain x � 0:94 in good agreement with our least squares
fit result 0:95�5� (Fig. 4).

We presently do not have a definitive explanation for
the different exponent found in the former light scattering
work. However, we note that we are able to independently
determine the transition temperature TNA by static x-ray
scattering (Fig. 2). This facilitates a precise determination
of the exponent from the dynamic data (Fig. 4), which is
not possible by light scattering techniques due to the
limited accessible q range. In this context it is noteworthy
that conflicting exponents (x � 0:52 [5] and x � 0:83
[14]) have also been published for another liquid crystal
compound, CBOOA [5,14]. Using the static exponents for
CBOOA �k � 0:70 and �? � 0:62 [3] as input for Eq. (5),
one finds x � 0:86 which is in good agreement with the
viscosity measurement (x � 0:83) of Ref. [14].

We acknowledge the assistance of B. Struth during
parts of the experiment and thank D. Langevin
(Laboratoire de Physique des Solides, Université Paris-
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