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Slow Dynamics of Isotropic-Nematic Phase Transition in Silica Gels
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We report a quasielastic light scattering measurement of the isotropic-nematic phase transition of
a liquid crystal in silica gel. The normalized intensity autocorrelation function, Gq(t), which samples
the order-parameter fluctuations, is consistent with the form G2(a) 1/(1+x ), where x = lnt/ lnr
The relaxation time, v. , diverges near a temperature T' and can be quantitatively described by the
Vogel-Fulcher law, T = To exp[const/(T —T')]. The measurements suggest that the silica gel imposes
a weak random anisotropy on the system, with the bulk nematic phase being rep1aced by a "g1assy"
state. However, hysteresis, normally associated with random-"field" behavior, is absent.

PACS numbers: 64.70.Md, 05.40.+j, 64.60.Ht

Liquid-crystalline ordering in a confined geometry has
been the subject of considerable recent research. Pre-
vious work has concentrated on well-characterized con-
fining geometries such as planar, spherical, and cylindri-
cal cavities [1—4]. Those studies established that cavity
size and wall-liquid interaction have a profound inHuence
on the liquid-crystalline ordering. In this Letter we are
concerned with the confinement of a liquid crystal in a
porous medium having a disordered geometric structure.
The experiment addresses the effect of this disordered
host on the isotropic-nematic phase transition. In our
dynamic light scattering study of a liquid crystal that
saturates a porous medium (silica gel), we observe that
the fluctuations of the orientation order parameter relax
at a much slower rate than in the bulk liquid crystal. In a
certain temperature range the decay time of the fluctua-
tions is more than 10 orders of magnitude slower than in

the bulk. Many of our observations are consistent with

glassy behavior produced by a random field.
Theoretically the effect of a random field was investi-

gated by Irnry and Ma [5]. Their argument, when applied
to systems with continuous symmetry, predicts that, the
usual phase transition is suppressed to T = 0 in three di-

mensions (3D). Our situation is somewhat different since
the director of the liquid crystal is a "headless" vector,
It has been suggested by Goldschmidt that a more ap-
propriate model that may describe our system is that of
random uniaxial anisotropy [6]. In this model, the ran-
dom anisotropy vector t2, couples to the order parameter
S in the form of (a S)2 instead of a S as in the con-
ventional random-field case. This model predicts a phase
transition from a disordered state to a spin-glass state at
a finite temperature in 3D. For a liquid crystal imbed-
ded in the gel, the random anisotropy or "field" is due
to the percolating gel structure, which provides local but
random preferential orientation for the nematic order.
If the gel structure produces barriers much larger than
kBT, the fluctuations may very well be statistically rare

events. Our experiment is consistent with this picture.
Dynamically, order-parameter fluctuations in liquid

crystals are interesting in that they are not restricted
by local conservation. The nematic fluctuations in the
isotropic phase of the bulk material have a decay rate
which is given by I I'o(l + (zqz), where I'o is a trans-
port coefficient and ( is the correlation length of the or-
der parameter [7]. Note that I' does not vanish, even
for long-wavelength Huctuations, q —+ 0. This is in sharp
contrast with the behavior of systems having a conserved
order parameter, for which I' q and approaches zero
in the long-wavelength limit. Therefore, liquid-crystal
order-parameter fluctuations in the isotropic phase are
intrinsically faster compared with the fluctuation rate in
conservative systems such as liquid-gas or binary liquid
mixture systems. We expect this to be true even when
the liquid crystal is imbedded in a porous material.

The liquid crystal used in this experiment is 4 -n-octyl-
4-cyanobiphenyl (8CB) purchased from BDH Co. It was
filtered through a 0.2-lum filter to remove dust parti-
cles. St;atic light scattering and visual observation indi-

cated that a bulk liquid-crystal sample has a well-defined
isotropic-nematic transition temperature TI~ 40.5 C.
The correlation length ( diverges as ( = (o(T —1)
with (o = 7 A. and v = 1/2 [8]. Since the nematic-
isotropic phase transition is weakly first order [9], the
correlation length at the transition T~l () Tc) is finite,
with ( 200 A.. However, near a solid surface it is possi-
ble that the correlation length will be different from the
above bulk value [8].

The liquid crystal saturated a silica gel sample, which
has a pore size of 200 630 A and a porosity of 30% —35%
volume fraction [10]. Before the gel samples were filled,
they were boiled in hydrogen peroxide and vacuum baked
at l00'C. The liquid crystal was introduced into the
gel in vacuum and at a temperature several degrees above
the bulk isotropic-nematic transition temperature. The
procedure electively eliminates all air bubbles inside the
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gel. The saturated sample, of size 2 x 3 x 4 mm, was
wiped clean of excess liquid crystal and sealed in an am-

pule. The ampule was placed in a water bath which has
a thermal stability of a few mK over several days. The
light scattering source was a HeNe laser. The intensity
correlation function was measured using an ALV5000 cor-
relator, which has a dynamic range of 10 —10 sec.

For polarized incident light, nematic fluctuations are
known to produce almost equal intensities of polarized

(I~~) and depolarized (I~) light scattering, with I~~~/I~
= 4/3 [11]. Observation of the depolarized component
of the scattering intensity is of great convenience for this
experiment, because it effectively blocks out the scatter-
ing from the fixed gel structure and permits detection
of the nematic fluctuations alone. Figure 1 shows the
temperature dependence of the static light scattering in-

tensity I~ of pure 8CB and 8CB+gel at 90' scattering
angle. In the pure 8CB sample (solid line), I~ increases
continuously as the sample is cooled from 50 to 40.5'C
with a cooling rate T —2 mK/sec. The sharp jump
in I~ at 40.5'C signals an isotropic-nematic phase
transition. This increase in I~ near the transition tem-
perature is a result of enhanced nematic fluctuations and
can be quantitatively described by I~ ( (T —T,)
[9]. In comparison, the depolarized light scattering from
8CB+gel is qualitatively different. This is shown by the
circles and squares in the same figure. The circles rep-
resent a heating run (T = +4 mK/sec) and the squares
represent a cooling run (T = —2 mK/sec). The time in-
terval between these runs was ~ 15 h. The agreement
between the two sets of data show that the system be-
haves reversibly over this temperature range, at least on
this time scale.

The scattering intensity can be characterized by three
distinct regimes: (I) For 40'C & T & 50'C, I~ from
8CB+gel is weak as a result of small nematic fluctuations
and a short spatial correlation length. We also note that
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FIG. 1. Depolarized light scattering intensity vs temper-
ature. The intensity is measured at 8 = 90'. The circles and
squares are heating and cooling measurements for 8CB in the
silica gel. The solid line showers a measurement for a bulk 8CB
sample.

I~ has a weak temperature dependence in this regime.
(II) In the interval 34'C & T & 40'C, I~ increases
as the temperature is lowered. Accompanying such an
increase, the angular distribution of scattered light in-

tensity becomes anisotropic and appeared to peak in the
forward direction at 30 C. The anisotropic scattering
we observed implies the presence of nematic domains of
size L which are comparable to the wavelength of light.
The increase in the anisotropy also implies that I grows
as the temperature is lowered. Nevertheless we failed to
observe, with a 50x polarizing microscope, the familiar
nematic textures down to 20'C, indicating that L is al-
ways less than 10 pm. (III) For T & 34'C, I~ flattens
out. In this regime, the sample has a uniform cloudiness
which resembles the critical opalescence of a binary liq-
uid mixture near the critical point. Since at e = 90' the
input laser beam is still visible, we believe that multi-
ple scattering is of minor significance. According to the
theory of critical phenomena, the temperature indepen-
dence of Ig suggests qL & 1. However, this temperature
independence may also be explained by the freezing of
the size of the domains, as discussed below.

The above observations allow us to draw several im-
portant conclusions. First, the metastability and hys-
teresis usually associated with random-field behavior is
absent for the liquid crystal in the gel. The scattering
intensity swiftly and reversibly responds to temperature
changes in the entire range 30'C & T & 50'C. Sec-
ond, the strength of the random "field" imposed on the
liquid crystal is weak. In the high-temperature regime,
T & 40'C, the weak scattering suggests that the spa-
tial fluctuations in the order parameter have a correla-
tion length which is smaller than the pore size. In the
low-temperature regime, T & 40'C, when I~ becomes
anisotropic, the nematic domains must span several pore
diameters. Third, it appears that the isotropic-nematic
transition is broadened by the gel and the transition tem-
perature is displaced towards a lower value, if indeed it
still exits.

Dynamic light scattering (DLS) measurements were
also carried out in the same temperature interval. In
DLS we measure the intensity-intensity autocorrelation
function g2(t) = (I(t)I(0))/(I(0))z. For scattered light
that obeys Gaussian statistics Gz(t) =—gz(t) —1 directly
measures the square of the order-parameter autocorrela-
tion function 4(t) [= QGz(t)]. Above 40'C [in regime
(I)], the 8CB+gel behaves like the bulk 8CB and the re-
laxation time is very fast, with 7o 10 7 sec.

The most interesting dynamics occurs at temperatures
below the bulk transition temperature, T~~ = 40.5'C
[in regime (II)]. Figure 2 shows the intensity autocorre-
lation function, QGq(t), at temperatures T 40, 38,
and 36'C. It is seen that QGq(t) exhibits a pronounced
slow decay in addition to the fast decay, which is barely
observable. The relaxation time associated with the
slow decay increases dramatically as the temperature is
lowered and spans well over ten decades in time below
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FIG. 2. Square root of autocorrelation functions, QGq(t),
measured at three temperatures, T = 40 (squares), 38 (cir-
cles), and 36'C (triangles).

38'C. We believe that over the above temperature range
(36'C ( T ( 40'C) and over long data accumulation
time () 12 h) the system behaves ergodically [12]. There-
fore no corrections for nonergodic behavior need to be
made [13]. Because no hysteresis is observed in the inten-
sity measurement as discussed above, it is reasonable to
expect that the autocorrelation function Gs(t) measures
the thermal equilibrium behavior of the system. This
conjecture was further supported by the fact that the
measured autocorrelation functions are repeatable over a
period of at least one week and show no thermal history
dependence.

It should be stressed that the slow dynamics shown
in Fig. 2 corresponds to highly nonexponential decay.
This slow relaxation is in marked contrast to the be-
havior of a bulk liquid crystals. Our data can be de-
scribed by the equation Gs(x) = const/(1+ x ), where
x = ln(tj~p)/ln(v/7p) with 7p and 7 being adjustable
parameters. Because rp turns out to be of the order of
rp, we identify it with the relaxation time of the free liq-
uid crystal. The longer time, 7, is presumably associated
with fluctuations of a size equal to the pore size of the
gel or larger [14].

Using the above functional form for Gq(x), all the cor-
relation data could be collapsed onto a universal curve,
as shown in Fig. 3, where the independent variable is

QGs(x). The lnt scaling is perhaps the most significant
finding in this experiment and appears to be consistent
with the notion of activated dynamics in quenched dis-
ordered systems [15—18]. However, our data are different
from a computer simulation for a random-field Ising mag-
net (dashed line), where the order-parameter autocorre-
lation function was found to be 4'(x) = exp( —xs) [15].
As shown in Fig. 3, this function decays much faster than
the experimental curves, suggesting that the symmetry
properties of the order parameter play an important role
in the dynamics as well as the statics. Other functional
forms for Gq(x), such as single exponential and stretch
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FIG. 3. Dynamic scaling of QG&(t). The three curves in
Fig. 2 have been collapsed onto a single curve by rescaling t
according to x = In(t/rp)/In(~/rp). The resulting functional
form, QGq(x) = I/v'1+ x, appears as the solid line. Also
shown is III(x) = exp( —x ) (dashed line) predicted by a com-
puter simulation for the random-field Ising magnet [15].

exponential, do not fit our data.
A plot of ln7 vs 1/(T —T') yields a straight line, as

shown in Fig. 4. Thus the relaxation time of the or-
der parameter is consistent with the Vogel-Fulcher law,
7 = 7p exp[A/(T —T*)]. Here T' defines a transition
temperature below which the relaxation time becomes
essentially infinite. This behavior is expected in the con-
ventional random-field systems, if the domain size grows
as (T/T' —1), so that ln~ I,@ = (T/T* —1) u™,
where @ and v' are critical exponents [16—18]. Using a
linear fit to the data in Fig. 4, we obtained A 100 K
and T* 32.2'C. It is interesting that the transition
temperature (T' 32.2'C) determined in the dynamic
measurement seems to coincide with the temperature at
which I~ levels off as shown in Fig. 1. The saturation in
the static light scattering below T* therefore can be a re-
sult of two eEects, namely, qL & 1, as mentioned before,
and a freezing of the size of the domains. In this sense
T* may be identified as a glass transition temperature.
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FIG. 4. Vogel-Pulcher plot of the relaxation time.

472



VOLUME 69, NUMBER 3 PHYSICAL REVIEW LETTERS 20 JULY 1992

We also studied the q dependence of Gz(t) at 39'C,
where the optical signal is reasonably strong and the au-

tocorrelation function decays to zero in the time window

of our correlator. The measurements, which were made
at 8 = 45', 75', and 100' (corresponding to 1/q = 88, 55,
and 40 nm), showed Gz(t) to be independent of q. The
absence of q dependence for G2(t) is intriguing. Since

qL & 1 for the measurement, it is plausible that the dy-
namics occurs locally and on a length scale much less

than the average domain size [19]. Motions of nematic
defects may very well be the source of the dynamics we

observed. The liquid-crystal system behaves very differ-

ently from a binary liquid mixture in Vycor, which was
studied by Dierker and Wiltzius [20]. They found that
both fast and slow relaxation times depend on q, and

that the slow relaxation process dominates the autocor-
relation function in the large-q limit.

Aside from the absence of hysteresis, our observations
are consistent with the view that the gel imposes a ran-
dom uniaxial field on the liquid crystal. The equilib-
rium phase transition is smeared out by the randomness
and the domains larger than the pore size are the major
contributor to the scattering. Dynamically, the system
shows the kind of self-similarity that is associated with
the conventional random-field behavior [15, 17], namely,

Gz(t) = Gz(z), where z = ln t/lnr, with r being a sen-

sitive function of temperature. However, at present we

are not aware of any theory which can account for the
functional form of Gz(t) observed in our experiment.
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