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When an electric field above the Fréedericksz threshold is applied to a nematic liquid crystal in a
cell with heterogeneous alignment layers, the system exhibits reverse tilt domains. Over a time scale
of seconds to minutes, the disordered domain pattern coarsens into a uniform texture. Analysis of the
coarsening dynamics shows that the characteristic length cal®ws with timer as L ~ (log 1)*.

This scaling is consistent with predictions of the random-bond Ising model, in which randomness in the
Ising bond strength represents heterogeneity in the alignment layers. [S0031-9007(99)08519-1]

PACS numbers: 64.70.Md, 61.30.Jf, 82.20.Mj

One of the main concerns of nonequilibrium statisticalfield above the Fréedericksz threshold is applied perpen-
mechanics is coarsening, the dynamic growth of domaindicular to the surfaces, the director tilts out of the surface
after a system is quenched into an ordered phase. Eylane. As shown in Fig. 1(a), the director can tilt in two
perimentally, coarsening has often been studied in liquidpossible orientations, which are approximately degenerate
crystal systems [1-7]. Liquid crystals are particularlyin energy. These two orientations will be called the) (
well suited to these studies because the length and timend (—) states of the system. Hence, the system can break
scales of domain growth are accessible to experimentato (+) and () domains, called reverse tilt domains, as
and because the growth of domains can easily be monshown in the top view of Fig. 1(b). Because of the dif-
tored in microscope images. However, one limitation ofference in the Frank elastic constants for bend and twist
experimental studies of coarsening in liquid crystals haglistortions of the director, the domain-wall line tension is
been that they have only investigated coarsening in unianisotropic, and hence the domains are elongated.
form systems; they have not investigated the effects of We prepare the surfaces with a new nonrubbing tech-
guenched disorder. This is a significant limitation, be-nique [10], which can produce alignment layers with
cause quenched disorder is predicted to have major effecthifferent levels of heterogeneity. In this technique, a
on coarsening dynamics [8]. monolayer is chemisorbed onto the surface and then

In this paper, we present a study of coarsening of reexposed to linearly polarized ultraviolet light. The po-
verse tilt domains in a nematic liquid crystal in a nar-larization of the light selects a favored axis of dimeriza-
row cell [9], with alignment layers prepared through ation within the monolayer, and the nematic director is
new process of chemisorption and photoinduced dimeranchored perpendicular to this favored axis. In a first
ization [10]. Depending on the preparation conditions,group of alignment layers, prepared without special ef-
the alignment layers can be either homogeneous or heterts to obtain uniform surfaces, there are several types of
erogeneous. Hence, this system allows us to investigagurface heterogeneity, including dust particles, substrate
the effects of quenched disorder in the alignment layersoughness, and nonuniform surface coverage. In a later
on the coarsening of reverse tilt domains. Theoreticallygroup of alignment layers, all of these types of surface
the system of reverse tilt domains maps onto the Isindneterogeneity are controlled through careful preparation
model, and heterogeneity in the alignment layers mightn the clean room.
correspond to either random-field or random-bond disor- The preparation conditions of the alignment layers
der in the Ising model. Experimentally, the coarseningdetermine whether the cell forms reverse tilt domains.
data generally give a good fit to the predictions of the
random-bond Ising model—a better fit than to the pre-
dictions of either the random-field or the uniform Ising (a) Side view: (b) Top view:
model. Thus, these results provide experimental confir-

mation of theoretical predictions for domain growth under

conditions of quenched random-bond disorder. E 7 7 s s @
Our experimental geometry is shown in Fig. 1. The — 7 T~ T~

nematic liquid crystal mixture ZLI 4792 (Merck) is con- -

fined at room temperature in a 20m-thick planar cell * stawe - stawe

with aligning surfaces that anchor the molecular directoir|G. 1. Geometry of reverse tilt domains in a narrow cell of
in the surface plane in thex direction. When an electric nematic liquid crystal. (a) Side view. (b) Top view.
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When heterogeneous alignment layers are used, the c&bnfirming that the nucleation of this domain structure de-
forms a disordered pattern of reverse tilt domains, apends on surface heterogeneity.

shown in Figs. 2 and 3. This pattern coarsens into a uni- Because surface heterogeneity is important for reverse
form director field over a time scale of seconds to min-tilt domains in these cells, this system provides us with
utes. When the field is removed and then applied agairgn opportunity to examine the dynamics of coarsening in
the cell forms approximately the same pattern of domainghe presence of heterogeneity. In particular, it allows us
in approximately the same locations. This reproducibil-to test theoretical predictions for coarsening in heteroge-
ity shows that certain sites on the heterogeneous surfaceous systems. The predictions are based on a mapping
favor the nucleation of reverse tilt domains. By contrastof the system onto the two-dimensional Ising model. In
when homogeneous alignment layers prepared in the cleahis mapping, the<{) and () states of the liquid crystal
room are used, the cell does not form reverse tilt domainorrespond to the Ising spin states = =1. The elastic

This result is further evidence that surface heterogeneity isonstants of the liquid crystal give the energy cost for do-
important for reverse tilt domains. As an additional test,main walls, which corresponds to the Ising exchange con-
the homogeneous alignment layers prepared in the cleatant/. As an approximation, we neglect the anisotropy
room were placed into cells with brittle glass spacers thain J. A cell with homogeneous surfaces then maps onto
fractured under compression, creating a different type of

heterogeneity. Those cells formed reverse tilt domains,
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0 20 40 60 80 100 120 FIG. 3. Top: coarsening of a disordered pattern of many
Time (sec) reverse tilt domains, shown at 2, 18, 34, and 50 sec after the

electric field is applied. Bottom: data for the total domain-wall
FIG. 2. Top: contraction of a single reverse tilt domain. Theperimeter in the field of view, determined by the number of
domain structure is shown in images taken every 35 sedilack pixels in excess of the background level. The data are fit
Bottom: data for the domain-wall perimeter, determined by theto the predictions of the uniform Ising model, the random-field
number of black pixels in excess of the background level. Thdsing model, and the random-bond Ising model. (For clarity,
data are fit to the prediction of Eq. (4). only every fourth data point is shown.)
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the uniform Ising model, with the Hamiltonian every 5 sec using a Sony CCD camera and digitized
using an Oculus TCXMX frame grabber board (Coreco).

H=—-J Z oi0;. (1)  The images were processed in Adobe Photoshop 4.0,

(@) first using a high-pass filter (radius 10 pixels) to remove

In a cell with heterogeneous surfaces, the disorder mightonuniformities in the overall brightness, then using
enter the Hamiltonian in two different ways. If the a threshold filter to enhance the domain-wall contrast.
disorder favors the(+) state in certain locations and Some of the resulting images are shown in Fig. 2. In
the (—) state in other locations, then the cell maps ontahese images, the domain walls are black and the interiors

therandom-fieldising model. Its Hamiltonian is of both (+) and () domains are white, with some
extraneous black pixels associated with dirt and other
H=-J Z oo — Z hio;, (2) artifacts in the optics. We counted the number of black

(i) pixels in each image, then subtracted the background level
where the random field; represents the local preference of black pixels remaining in the final image, after the
of the surface for the«) or (—) state. By contrast, if domain disappeared. This procedure gave the number of
the disorder gives different energy costs for domain wall€xcess black pixels, which is proportional to the domain
at different locations (for example, if domain walls are perimeter. This perimeter should scale as the radius
pinned by grains of dust), then the cell maps onto theédredicted by Eq. (4). The data are shown in Fig. 2, along

random-bondsing model. Its Hamiltonian is with a fit to the prediction. This fit shows that the
Ising model gives a good description of the late stages

H=— Z Jijoioj, (3) of domain contraction. The fit does not, however, show

(i) whether the uniform, random-field, or random-bond Ising
whereJ;; > 0 represents the local energy cost for domainmodel is the most appropriate for this system, because
walls. the late stages of contraction are dominated by a large

There are distinct predictions for coarsening in eacifurvature force (scaling a&™'), which exceeds any
of these three models. In the uniform Ising model,Fandom-field or random-bond pinning force. _
coarsening is controlled by the competition between TO determine which version of the Ising model is the
the curvature-induced force, which favors domain-wallMost appropriate for this experimental system, one must
motion, and the domain-wall viscosity, which resists€xamine the coarsening of a disordered pattern of many
this motion. As a result, a single circular domain of domains. We took several sequences of images of the
radius R(¢) contracts following the differential equation coarsening of multidomain patterns, and processed each
dR/dt = —T'J/R, whereT is an inverse viscosity [11]. Sequence using the procedure outlined above. Because the

The solution of this equation gives the prediction QOTlain walls generally did not go a;]/vay bykthe final Iimaglle
R(t) = [RO) — TJ]2 @) in the sequence, we determined the background level of

black pixels by manually erasing the domain walls from
By the same argument, a disordered pattern of domainge final image in each sequence using Photoshop. We
with the characteristic length scalér) coarsens a&(r) «  then subtracted the background level from the number of
t'/2. By comparison, in the random-field Ising model, theblack pixels in each image to obtain the number of excess
rate of coarsening is limited by the pinning forces associblack pixels, which is proportional to the total domain
ated with heterogeneity in the random field. As a resultperimeter within the field of view. This total domain
a disordered pattern of domains is predicted to coarseperimeter can be related to the coarsening length scale
asL(r) « log(z/7), wherer is a characteristic time scale L(r): Because the number of domains in the field of view
[12]. Finally, in the random-bond Ising model, the ratescales ad. "2, and the perimeter of each domain scales
of coarsening is limited by pinning forces associated withas L, the total domain perimeter must scalelas' [13].
heterogeneity in the random bonds, which are less effeHence, the data can be compared with the predictions for
tive than random-field pinning forces. Hence, the pre-L~! from each version of the Ising model. Specifically,
diction for coarsening in the random-bond Ising model iswe fit the number of excess black pixeR(r) to the
L(t) = [log(t/7)]C~9/d=3+20) 'whered is the spatial di-  following functions: for the uniform Ising model
mension and/ is the wall roughness exponent [g]: In Pt) = c(t — 7)1, (5)
d = 2, appropriate to our experiment, the valfle= 5 is i i
known [8], and hence the prediction for coarsening befor the random-field Ising model
comesL(t) = [log(t/7)]*. P(1) = c[log(t/7)] ", (6)

For a preliminary comparison of the predictions with 5,4 for the random-bond Ising model
our experiments, we examined the contraction of a single 4
reverse tilt domain in a region of roughly 1.3 mm P(1) = cllog(t/7)]"". (7)
across, using a>% objective on an Olympus BX50WI Each of these fits has two parameters, the overall coeffi-
microscope. Images af40 X 484 pixels were acquired cientc and the characteristic time scale
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One example of the coarsening data is shown irpreference for ) or (=) domains. This result is also
Fig. 3. In this example, a square wave from a Wavetekeasonable, because dust particles or other defects on
Model 395 waveform generator with an amplitude of 6 Vthe surface can easily give locations with a reduced
(3.2 times the Fréedericksz threshold) and a frequency afnergy cost for domain walls compared with the clean
30 Hz was applied to the cell. At early times, the systensurface. By comparison, it is difficult to see what physical
has a disordered pattern of many reverse tilt domainanechanism would give random-field disorder, with a
After a few seconds, most of the small domains in the fieldandom local preference for the-J or (—) state.
of view contract away, and the system is left with a few In summary, this study shows that surface heterogeneity
large domains, which continue to coarsen by reducing théeads to the formation of reverse tilt domains in liquid-
domain-wall curvature. The plot of the number of excessrystal cells with photodimerized alignment layers. The
black pixels as a function of time shows that the totalensemble of data for the coarsening dynamics agrees with
domain perimeter decreases rapidly in the initial stagehe predictions of the random-bond Ising model. These
of coarsening, then more slowly in the later stage. Theesults imply that the cells have a disordered surface that
data are fit to the predictions for the uniform Ising model,favors the presence of domain walls in preferred locations.
the random-field Ising model, and the random-bond Ising We thank T. Nattermann and J.P. Sethna for helpful
model. The random-bond Ising model gives the best filiscussions. This work was supported by the Office of
over the full range of time studied. Naval Research and the Naval Research Laboratory.
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