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Abstract: Spatially-varying director fields have become an important part of research and develop-
ment in liquid crystals. Characterization of the anchoring strength associated with a spatially-varying
director is difficult, since the methods developed for a uniform alignment are seldom applicable. Here
we characterize the strength of azimuthal surface anchoring produced by the photoalignment tech-
nique based on plasmonic metamsaks. The measurements used photopatterned arrays of topological
point defects of strength +1 and −1 in thin layers of a nematic liquid crystal. The integer-strength
defects split into pairs of half-integer defects with lower elastic energy. The separation distance
between the split pair is limited by the azimuthal surface anchoring, which allows one to determine
the strength of the latter. The strength of the azimuthal anchoring is proportional to the UV exposure
time during the photoalignment of the azobenzene layer.

Keywords: azimuthal anchoring; surface anchoring; liquid crystals; photopatterning; plasmonic metamask

1. Introduction

Anisotropy of molecular interactions at bounding surfaces of liquid crystals leads to
the phenomenon of surface anchoring, i.e., a preferred “easy axis” of the director specifying
the average orientation of the molecules. Surface anchoring is characterized by geometrical
parameters, such as the polar and azimuthal direction of the easy axis. Using the energy
parameters, the so-called anchoring coefficients measure the work needed to deviate the
director from the easy axis [1]. For planar alignment, with the easy axis parallel to a certain
direction in the plane of a substrate, one distinguishes azimuthal and polar anchoring
coefficients, related to the in-plane and out-of-plane director tilts, respectively.

For decades, the prime mode of liquid crystal alignment was a uniform one, with the
director independent of spatial coordinates. There is a growing interest in alignment modes
with the director varying from point to point. The patterned alignment is used, for exam-
ple, in planar optics [2–6], bistable switching [7], shaping liquid crystal elastomers [8–11],
controlling dynamics of microswimmers [12,13], and living tissues [14]. The patterned
surface alignment is difficult to achieve by traditional approaches, such as mechanical
rubbing [15]. Early works reported that alignment patterns could be produced by scribing
the substrate with the atomic force microscope’s stylus [16,17]. The most popular current
approach to produce patterned director fields is photoalignment, based on photosensitive
molecules that adjust their orientation with respect to the polarization direction of imping-
ing light [6,15,18,19]. Photoalignment is less prone to problems such as the introduction
of dust particles [15]. One of the most widely used mechanisms of photoalignment is the
orientational ordering of azobenzene molecules that experience trans-cis isomerization
and reorientation under illumination with linearly polarized light [15]. Isomerizations
and reorientations result in the alignment of long axes of trans-isomers along the direction
of minimum light absorption, i.e., perpendicularly to the polarization of light [15,18,19].
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There have been many different implementations of azobenzene-based photoalignment.
For example, McConney et al. [20] used a laser beam with a controllable direction of po-
larization to irradiate a rotating substrate with a photosensitive azobenzene layer, thus
producing axially-symmetric patterns, also known as q-plates [21–24]. Culbreath et al. [25]
introduced a maskless digital micromirror photopatterning technique that allows one to
create an array of disclinations. Most recently, Guo et al. [26–28] introduced a method
based on plasmonic metamasks (PMMs), which allows one to imprint the entire pattern
of director alignment in a single exposure, with a high spatial resolution of 1 µm. Besides
high speed of production and high resolution, the advantage is that the same mask can be
used repeatedly for multiple exposures with a steady long-term performance.

Most of the research on photoalignment emphasizes the geometrical features such
as the direction of the easy axis, while studies on anchoring strength and its dependence
on the conditions of substrate preparation are less common. Previous reports on surface
anchoring coefficients characterizing the photoalignment technique have dealt with a
uniform alignment of liquid crystals, (see for example [29–34]). However, the anchoring
strength established in a patterned director field is not necessarily the same as in a cell with
a uniform director, one of the reasons being the difference in photomasks. In this work, we
present the experimental study of the in-plane (azimuthal) surface anchoring coefficient W
in spatially-varying director patterns produced by the PMM technique. A key question is
how strong this anchoring is and how its strength depends on the irradiation time. The
measurements of W are based on the recently proposed analysis of splitting defect cores of
integer disclinations at patterned substrates [14]. The experimental cells are of a sandwich
type with both substrates photoaligned through the same PMMs to form surface director
patterns in the form of square lattices of alternating +1 and −1 disclinations. The cells are
very thin, in the order of 1 µm, to assist the bulk director to remain parallel to the bounding
plates. If the azimuthal anchoring were infinitely strong, these patterns would preserve
the imposed director field with well-defined +1 and −1 core regions. However, when the
surface anchoring is finite, the pre-patterned defects’ cores split into pairs of ±1/2 defects
for energetic reasons. The value of W is deduced by measuring the separation distance d
between the split ±1/2 defect cores.

2. Materials and Methods
2.1. Cell Preparation

We used clean indium tin oxide (ITO) coated glass plates as cell substrates. A solution
of 0.5 wt% azo-dye Brilliant Yellow (BY), Figure 1a, in dimethylformamide (DMF) (both
purchased from Sigma Aldrich) was spin-coated onto the glass substrates. The coated
substrates were baked on a hotplate at 80 ◦C for 30 min. The preparation was performed
inside a glovebox with the humidity level controlled to be at 20%. The cells were sealed
using epoxy glue NOA 65 without any spacers to achieve the thickness of around 1 µm.
The cell thickness, h, was measured by an interferometric technique using a UV/VIS
spectrometer, Lambda 18 (Perkin Elmer). The separation distance of half-strength defect
cores, d, depends on the photopatterning time duration and the thickness h of the nematic
layer. It was expected that d might be a function of the cell thickness h; in particular,
in very thick samples, h >> d, such as cylindrical capillaries, the escape into the third
dimension is a preferred equilibrium state [35,36]. Even when the integer strength line
splits into two half-integer lines, their elastic interactions might yield curved shapes,
which would be detrimental for the surface anchoring measurements. To avoid these
effects, the experiments were designed with very thin cells, (0.9–1.3) µm. In thin samples,
one would expect the core splitting as a prevailing director structure [37]. To verify
whether d depends on h, different thin cells were explored. In weakly anchored cells
(irradiation time 2 min), the value of d remained constant (10.9± 0.1) µm in the cells with
h = 1.39 and 4.04 µm. For irradiation time 6 min, d = (5.2± 0.2) µm for the three cells
of thicknesses h = 1.12, 1.15, and 1.22 µm. We conclude that the data on d collected for
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cells of the thickness less than 1.3 µm are not affected by h and thus can be used for the
determination of W.

Figure 1. Chemical Structure of the materials (a) Photoresponsive azo-dye Brilliant Yellow, (b) liquid crystal CCN-47.

2.2. Photopatterning Method

The director field was patterned using the PMM technique [26]. A PMM represents
a 150 nm thick Al film with an array of nanoslits, each of a length 220 nm and width
100 nm. The nanoslits are arranged in the form of square lattices with long axes forming
+1 and −1 defects (Figure 2a). An unpolarized light beam passing through the nanoslit
becomes polarized along the short axis of the local aperture. When the optical pattern with
spatially-varying linear polarization of light irradiates the azobenzene layers on the inner
surfaces of the cell, it aligns the BY molecules perpendicular to the local polarization of
the impinging light. In other words, the molecules align parallel to the long axes of the
nanoslits, and the desired surface director pattern of the azobenzene layer reproduces the
pattern of nanoslits. A nematic in contact with the patterned azo-dye layer acquires the
same molecular orientation pattern with the director being tangential to the interface. We
used a light source EXFO X-Cite with a spectral range of (320–750) nm to irradiate empty
cells formed by two parallel glass plates with inner BY coatings. The plates acquired the
same alignment pattern as the pattern of nanoslits in PPM, enlarged by a factor of 10 by
a pair of objectives [26], Figure 2a,b. The light beam propagated along the normal to both
the PMM and the cell, and the intensity is ∼ 7.1× 103 Wm−2 at the location of the cell.
The distance between +1 and −1defects in the cells was 200 µm, which assured that the
splitting distance of defects, which was on the order of 10 µm or less in the experiments,
was not influenced by the proximity of other defects.

Two periodic square lattices of defects with strength +1 and −1 were designed, with

the director field written using a superposition rule as
^
n0 =

(
nx, ny, 0

)
= [cos ϕ, sin ϕ, 0],

whereϕ = ∑
p
i=1 ∑

q
j=1(−1)i+jarctan

(
y−jb
x−ia

)
+ ϕ0, x and y are Cartesian coordinates, p and q

are the numbers of defects in rows and columns, respectively, p = q = 10; a = b = 200 µm
was the distance between the defects along the x and y directions, respectively, and the
phase ϕ0 defines the prevailing director deformation, splay or bend, around the +1 defects.
Two types of lattices were used. In the first, which we call a radial array, ϕ0 = 0, the
director field around the cores of +1 defects was radial, experiencing mostly splay. In the
second pattern, called a circular array, the director around +1 defect was circular, ϕ0 = π/2,
with a prevalent bend.
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Figure 2. (a) Polarizing optical microscope texture of a PPM with ±1 radial defect array. (b) Polarizing optical microscope
image of a portion of a photopatterned nematic CCN-47 cell with a +1 radial defect on the left and −1 defect on the right.
The cell thickness 1.09 µm; irradiation time 4 min. (c) Polarizing optical microscope texture of the photopatterned cell in b,
with a full-wavelength (530 nm) optical compensator. P, A, and λ represent the polarizer, analyzer, and slow axis of the
full-wavelength compensator, respectively.

2.3. Nematic Material

The cells with photopatterned substrates were filled by capillary action with 4-butyl-
4-heptyl-bicyclohexyl-4-carbononitrile (CCN-47), Figure 1b, in the isotropic state at the
temperature 64 ◦C. The material showed the following phase diagram upon heating:
Smectic A 29.9 ◦C Nematic 58.5 ◦C Isotropic. After the cells were filled, they were kept at
45 ◦C for the duration of the experiments.

The nematic phase of CCN-47 was chosen because of the following two reasons.
First, at 45 ◦C, the elastic constants K1 of splay and K3 of bend of CCN-47 are equal,
K1 = K3 = K = 8 pN [38], which allows one to use the superposition rule for the director
field and to analyze the elastic properties of the patterns in the so-called one-constant ap-
proximation [1]. Second, CCN-47 is of a negative dielectric anisotropy, ∆ε = ε‖ − ε⊥ = −4.2,
where ε‖ and ε⊥ are dielectric permittivities parallel and perpendicular to the director,
respectively. An AC electric field (frequency 4 kHz) applied across the cell using the top
and bottom transparent ITO electrodes stabilized the director patterns in the xy plane
parallel to the bounding plates, thus preventing [37] the potential escape of the ±1 defects
into the third dimension [35–37].

A full-wavelength (530 nm) optical compensator helped to reconstruct the director
field in the nematic cells, Figure 2c. The regions in which the director was parallel to the
slow axis of the compensator acquired a blue interference color. When the director was
perpendicular to the slow axis, that area appeared yellow. The left defect in Figure 2c was
a +1 radial defect, while the right one was a −1defect.

Cell preparation, photopatterning, filling with CCN47, and imaging were done on
the same day to prevent any aging effect. It was expected that the temperature [39] and
humidity [40] during the sample preparation and irradiation would affect the values of W.
W would also be a function of temperature after the cell is assembled [41]. To avoid these
effects, all experiments were performed at fixed conditions. Humidity and temperature
were kept at 20% and 22–23 ◦C respectively, until the cells were filled with the nematic
CCN-47. During the measurements of W, the cells’ temperature was fixed at 45 ◦C.
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2.4. Optical Retardance of the Patterns

For accurate determination of the director alignment and splitting distance d we used
Exicor MicroImager (Hinds Instruments, Inc.) mapping of optical phase retardation. For
the director in the plane of the cell, the optical phase retardance is Γ = (ne − no)h, where
ne = 1.50 and no = 1.47 are the extraordinary and ordinary refractive indices of CCN-47 at
45 ◦C, respectively. The expected retardance for 1 µm cell is thus Γ = 30 nm. The defect
cores show a steep decrease in retardation.

3. Results

The±1 defects in the observed textures clearly split into pairs of±1/2 defects, Figure 2b,c,
Figure 3, and Figure 4. The split distance d was determined as the distance between the
minima of the optical retardance, Figure 3a. To verify whether the director remained mainly
in xy plane, we monitored how the phase retardance of the cell changes in the presence of
the electric field applied along the z-axis normal to the cell. Neither the optical retardance
∆Γ, Figure 3b, nor d, Figure 3c changed when the electric field was applied. The result
verifies that the director was confined in the plane of the cell and showed no significant
escape into the third dimension: since ∆ε < 0, a significant escape would lead to an increase
of ∆Γ when the field is applied, which was not observed.
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Figure 3. (a) Retardation Γ along a line passes through the core of a +1 radial defect. The two minima
relate to two +1/2 defect cores. ∆Γ is the change of retardation between the defect core and the far
field. (b) The change ∆Γ of retardation as a function of voltage, U. (c) The separation distance between
two defect cores, d as a function of voltage, U. The data is collected from a cell photopatterned 2 h
with radial ±1 defect array. The cell thickness is 1.15 µm.

Figure 4. Optical microscopy of separation of +1 radial defects into pairs of +1/2 defects for
irradiation times of (a) 2 min, (b) 10 min, and (c) 30 min. Cell thicknesses are 1.2 µm.

The separation distance d between the±1/2 defect cores was measured as the distance
between the minima in the optical retardance maps, Figure 3a, and the polarizing optical
microscopy (POM) images of the patterns, Figure 2b,c and Figure 4. The POM images
were analyzed using the open-source software package Fiji/ImageJ. The distance d was
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calculated by averaging the data measured for all 50 defects of the same sign in the array.
The error δd for d value was calculated as the standard deviation [42].

The separation distance d between the ±1/2 defects was more significant for smaller
irradiation times, Figure 4. The behavior was consistent with the expectation that a shorter
exposure yields a weaker azimuthal anchoring and thus a wider splitting. We have deliber-
ately chosen the regime of relatively weak surface anchoring, in which d is larger than about
5 µm and thus could be measured accurately by optical microscopy, Figures 3 and 4.

The measured d could be used to determine the in-plane anchoring coefficient, since it
is determined by the balance of elastic repulsive force, felastic, of two half-integer defects,
and surface anchoring force, fsur f ace that tends to keep a single ±1 core as specified by
the photopatterning. The energy per unit length of a planar disclination with the direc-
tor normal to the line is proportional to m2, where m is the strength of the defect, thus
a m = ±1 defects are of a higher elastic energy than a pair of half-integer defects [1]. Two
defects of the same m repel each other elastically, with the force felastic = − ∂FE

∂d = πKh/2d,
where Fe = πKh

2 ln d
2rc

, h is the thickness of the cell, and rc is the radius of the disclina-
tion core [1,14]. The surface anchoring energy can be found by integrating the Rapini-
Papoular potential, FST =

∫ 2π
0

∫ d
0

1
2 W
[
1− (n̂BY.n̂LC)

2
]
rdrdϕ which yields FST = αWd2,

where α =
[5π−10E( 16

25 )]
16 = 5π−10×1.27635

16 ≈ 0.184 is a numerical coefficient; E(m) is the
complete elliptic integral of the second kind [14].

Therefore, the surface anchoring force that tends to keep the half-integer defects as a
single core is fsur f ace = − ∂Fs

∂d = −2αWd. At the balance point, felastic + fsur f ace = 0, which
leads to the expression for the azimuthal anchoring coefficient, W = (πKh)/

(
4αd2). With

the known K = 8 pN, α = 0.184 and measured h, d, we found W as a function of irradiation
time, Figure 5b.

Figure 5. Defect Separation and Surface Anchoring. (a) The separation distance d between half-integer
defects cores and (b) the azimuthal surface anchoring coefficient W as functions of the photopattern-
ing time.

The surface anchoring grew stronger as the photopatterning time t increased (Figure 5b).
For irradiation times below 1 h, W increased linearly with t. The least squares fit of the ex-
perimental data in Figure 5b yields W = Bt + C, where B = 0.035× 10−6 Jm−2min−1 , and
C = 0.27× 10−6 Jm−2. A non-vanishing value of C could be associated with the residual
surface anchoring at the BY layer that was not photopatterned, for example, because of
the local orientational order of a polydomain type. As demonstrated by Clark [43], local
interactions are capable of producing local “easy” axis that remains in place even after the
nematic is heated to the isotropic phase and then cooled down.

4. Conclusions

Most of the existing techniques to measure the azimuthal surface anchoring energy are
applicable to surfaces with unidirectional alignment [44–50]. In this work, we demonstrate
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a method to measure the azimuthal anchoring coefficient of a nematic with a patterned
director field. The method is based on the idea that the integer-strength disclinations split
into half-integer disclinations and the resulting separation depends on the elastic and
in-plane anchoring forces. The approach is valid when the director remains parallel to the
bounding plates. A mechanism competing with the defect core splitting is the escape into
the third dimension [35–37], in which the director realigns parallel to the disclination, thus
removing the singular core. The competing tendencies were analyzed by Chiccoli et al. [37].
The escaped configuration was found to be energetically more stable than the planar
singular disclination at cell thicknesses exciding some critical value, h > hc, estimated
to be submicron, hc = (0.2− 0.5)µm. In an apparent contradiction, our experiments,
including those with the applied electric field, did not show the escape in thicker cells,
h = (1− 4) µm. The discrepancy might be rooted in the fact that the model assumes
isotropic singular cores of disclinations with the core energies of the integer and half-
integer disclinations being equal. However, the core energy of half-integer disclinations
might be reduced by biaxial modifications of the order parameter [51,52]. Such a biaxial
core was observed experimentally for half-integer disclinations in lyotropic nematics [53].
Furthermore, the studied nematic CCN-47 showed an enhanced susceptibility to biaxial
distortions in experiments with an applied electric field [54]. Therefore, one expects that in
CCN-47 the escape into the third dimension does not occur in cells used to find W. Since
CCN-47 yields a supramicron value of hc, it should allow one to explore the transition
between the splitting and escape in detail, especially because the splitting scenario can be
enhanced by the applied electric field. These experiments are in progress.

We found that the azimuthal anchoring energy of a nematic liquid crystal on pho-
toaligned azo-dye substrates increases with the light irradiation time t: W increased from
0.1× 10−6 Jm−2 to 2.2 ×10−6 Jm−2 when t increased from 0.5 min to 45 min. As already
stated, we deliberately used weakly anchored substrates to measure the corresponding
splitting distances and thus W with a better accuracy. However, the resulting strength of
anchoring turned out to be reasonably strong when compared to the available literature
data. For example, Clare et al. [55] have reported W for oligo-terminated self-assembled
monolayers supported on obliquely deposited gold films in contact with the nematic
4-cyano-4′-pentylbiphenyl (5CB) to be in the range (1.4− 5.5)× 10−6 Jm−2. The azimuthal
anchoring coefficient at the interface of a rubbed polyimide PI2555 layer has been reported
to be 44 ×10−6 Jm−2 [56], and for a surface coated with polyisoprene or polystyrene to
be smaller than 3× 10−10 Jm−2 [57,58]. Shen et al. [34] reported the azimuthal anchoring
0.2× 10−6 Jm−2 at a uniformly aligned photoalignment layer SD1.

The proposed technique to measure the azimuthal anchoring strength is conceptually
simple and should allow one to expand it to the studies of the memory phenomenon
described by Clark [43], to explore how W is affected by irradiation intensity, temperature,
multiple cycles of photopatterning, phase transitions, thickness of the photoalignment
layer, parameters of the PPMs and nanoslits in PPMs, substrate aging, etc. We use this
opportunity to congratulate Prof. Noel A. Clark on the anniversary.
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