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Tunable Optical Vortices Generated by Self-Assembled Defect Structures in
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A stable lattice of topological defects occurring at the electric reorientation of a nematic fluid is studied
by quantitative polarimetry and laser diffraction. Generation of optical vortices by topological defects is
demonstrated in the case of two distinct mechanisms. First, individual defects convert circularly polarized
light partially into a vortex beam with opposite handedness, while beams diffracted on the defect lattice
do not carry vorticity. Second, dislocation of the lattice structure is a topological defect on a larger length
scale; then beams diffracted on a single dislocation possess optical vortex character. The vortex-generation
efficiency is tunable by the applied voltage.
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I. INTRODUCTION

Topological defects are universal in nature. They are
present when a discontinuity in an order-parameter field
of a system cannot be removed by continuous transfor-
mations. In optics, topological defects appear in phase
singularities of light carried by optical vortices [1]. In the
singularity, the electric field of light is zero, and the spa-
tial distribution of the phase resembles the structure of a
screw dislocation. Therefore, the optical vortex exhibits
a helical phase front, (i.e., the phase propagates along
a helix). One spectacular property of optical vortices is
that they carry orbital angular momentum, l� per pho-
ton, where l is the topological charge of the vortex. For
cylindrically symmetric laser beams of finite diameter, the
complex amplitude of light can be given as a superposi-
tion of upl(r, φ, z) Laguerre-Gaussian modes [1], where r,
φ, and z are the usual notation for cylindrical coordinates:
radius, azimuth angle, and propagation direction, respec-
tively. With p = l = 0, we get a common Gaussian beam,
while p = 0, l = 1 represents the simplest vortex beam.
Such a vortex beam is easily recognized by its doughnut-
shaped intensity profile. Its topological charge l is usually
determined by observation of its interference pattern with
a Gaussian reference beam; l equals the number of spiral
arms seen in the interferograms [1].

Besides pure scientific interest, optical vortices have
gained applications on a wide spectrum [2]. They are used
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in superresolution microscopy [3,4] as well as in laser
tweezers to precisely manipulate particles on a micro-
scopic scale [5,6]. It was demonstrated that catching and
transportation of particles in air is possible by the use
of optical vortices [7,8]. Because of the stability of the
vortex mode, they have great potential in optical commu-
nication technologies [9]. Furthermore, the use of high-
performance vortex retarders in stellar coronagraphy has
resulted in significant advances in astronomical imaging
[10–12]. Therefore, extensive research is devoted to find
various modes for generation of optical vortices. One of
the most-commonly-applied methods is the use of a fork
grating (or a holographic pattern) that creates an opti-
cal vortex in the first-order diffracted laser beam [1,5,13].
A phase mask of spiral phase patterns [6,14] or a phase
plate of birefringent solid polymer structures with cylin-
drical symmetry [15] is a convenient tool and has been
commercialized in recent years. However, most of these
methods or elements use solid structures and thus are basi-
cally usable in fixed optical systems designed for specific
wavelengths. With the help of computer-controlled spatial
light modulators, both holographic and phase-mask pat-
terns can be realized. However, the finite resolution of such
pixelated devices limits the quality of the vortex beams
generated.

In liquid crystals (LCs), being highly birefringent opti-
cal materials, the local optical axis, the director, can be
affected and controlled by external electric or magnetic
fields, as well as by boundary conditions [16]. Further-
more, LCs are capable of self-assembly due to their ori-
entational elasticity; they can maintain topological defect
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structures, which gives them the potential for being smart
materials for applications quite different from their typ-
ical use in display technologies. For example, LCs can
be used as tunable diffraction gratings [17–19] based on
nematic-defect-mediated colloidal crystals [20] or on flex-
oelectric domains [21]. Their unique optical properties
created by self-assembly makes LCs promising materials
also in information technologies [22,23]. Their polymer-
ized structures offer extraordinary mechanical properties
[24–26], and their self-assembled patterns are also suitable
for optical vortex generation, without suffering from the
adverse effect of low resolution.

With use of liquid crystals, circular phase plates have
been created by special boundary conditions imposed
by circular rubbing [27,28], photoalignment [29–37], or
micropatterned structures [38], and the resulting struc-
tures have been used to generate optical vortices. Arrays
of defects generated by standing waves [39] or by self-
assembling smectic focal conic domains [40] were also
observed and used to create optical vortices. Such singular
light beams have been generated by laser-written discli-
nations [41] or point-defect structures [42] in cholesteric
liquid crystals. Dislocation textures in liquid crystals can
be used as fork gratings to diffract laser beams; optical
vorticity was confirmed in the first-order diffracted beams
[41–46]. On the other hand, topological charges of single
defects in nematics are also available for optical vortex
generation by transfer of the topological singularity from
the director structure to the light phase as demonstrated
in nematic droplets [47] or in a sandwich cell [48]. The
topological charge of the optical vortex generated is the
double of that of the nematic defect (l = 2s). By illumi-
nation of one defect by circularly polarized light, it was
shown that the output beam partially becomes of vortex
type with opposite handedness of the circular polariza-
tion, while the other part of the light leaves the sample
unaffected. Notably in the latter work, tunability of liq-
uid crystals by the electric field was used to adjust the
optical vortex conversion efficiency from the randomly
distributed defects of s = ±1 topological charge. To facili-
tate future applications, the position and topological charge
of the defects should be kept under control. That could
be achieved by the use of patterned electrodes [49–54],
by doping a nematic with a nonmesogenic material [55],
or by photopatterned substrates [56,57]. By the use of
the nonlinear optical behavior of an initially homogeneous
nematic layer, charge flipping of a vortex beam was also
demonstrated [58].

Recently, it was reported that by use of a special per-
fluoropolymer surface-aligning layer with liquid crystals
of high conductivity, it is possible to have an electrically
switchable, tunable, self-assembled grid structure of topo-
logical defects [59]. Later, it was shown that the exact posi-
tions of the defect cores can be fixed, but without losing
the switchability and tunability, by partial polymerization

of the sample [60]. Here we report our results on how this
electrically tunable defect pattern can be used in gener-
ating adjustable optical vortices. We study their creation
on different levels: using the individual defects as vortex
retarders, as well as using diffraction on dislocations in the
defect lattice as sources of vortices.

II. EXPERIMENTAL PROCEDURES

We use a mixture of 4α, 4′α-dialkyl-1α, 1′α-
bicyclohexyl-4β-carbonitrile (CCNmn) liquid crystals
that exhibits a nematic phase at room temperature
[59]. The 1:1 weight ratio mixture of CCN47 and
CCN55 nematics is doped with 1 wt % tetrabutylammo-
nium benzoate salt in the isotropic phase to increase
its electrical conductivity and thus fulfill the require-
ment for the grid-pattern generation [59]. At 25 ◦C,
at which all measurements are conducted, the mix-
ture has a large negative dielectric anisotropy (εa ≈ −8)
and a low birefringence (na ≈ 0.03). Sandwich cells made
of glass plates covered with 0.5–5-mm-wide stripes of
indium tin oxide transparent electrodes are filled with the
doped LC. The stripes on the opposite plates are perpen-
dicular to each other, forming a matrix structure of square
and rectangular pixels. Mylar spacers are used to set the
thickness d of the cells. In the studies presented here,
we use 21.4- and 26.3-μm-thick cells. The inner surfaces
of the cells are coated with approximately-120-nm-thick
polymer layers prepared by spin coating a 3-wt % solu-
tion of a perfluoropolymer (33 wt % CYTOP CTX-809A,
containing 9 wt % polymer, in CT-Solv180 solvent, AGC
Corp.) at 800 rpm for 9 s, then at 3000 rpm for 15 s.
The freshly coated substrates are dried at 70 ◦C for 30
min, then at 120 ◦C for more than 30 min. At 25 ◦C, the
CYTOP layer provides a homeotropic alignment condition
[61], which means that the director is aligned perpendic-
ularly at the surface. During all experiments presented
here, the samples are kept in a heat stage (HCS402, Instec
Inc.) at 25 ± 0.1 ◦C to avoid uncertainties in measurements
related to the change of material parameters (e.g., optical or
dielectric anisotropy) due to temperature fluctuations. An
ac electric voltage is applied from a digital function gen-
erator (AFG3021B, Tektronix Inc.) through a high-voltage
amplifier (NF Corp.).

Measurements are performed with a multifunctional
optical setup, which works either in an imaging mode or
in a diffraction mode (see Fig. 1, where filters and irises
are not shown for simplicity). In imaging mode (mirror M2
and beam splitter BS3 removed), white-light or monochro-
matic polarizing microscopy is possible. In addition, with
the help of insertable wave plates, an imaging-polarimetry
technique is implemented for quantification of the effective
birefringence in the plane of the sample [62]. In diffraction
mode, with condenser and imaging objectives removed,
the diffraction pattern generated by the defect lattice in
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FIG. 1. The optical setup used as a polarizing microscope and an imaging polarimeter (mirror M2 removed), and as a Mach-Zehnder
interferometer (mirror M2 included). For simplicity, filters and irises are not shown.

the sample can be recorded. The setup can be transformed
to a Mach-Zehnder interferometer usable in both imaging
mode and diffraction mode. For measurement of interfer-
ence, the size and the intensity of the reference beam are
adjusted by a beam expander and a half-wave plate, respec-
tively. The interferometry allows us to confirm the pres-
ence of optical vortex components and characterize their
topological charge. Measurements are done with white-
light illumination, and with use of monochromatic light
from three different lasers: a red He-Ne laser (λ = 633
nm), a green diode-pumped solid-state laser (λ = 532 nm),
and a blue diode laser (λ = 450 nm). For polarimetry,
white light is used with a bandpass filter with 633-nm
peak wavelength with 10-nm full width at half maximum.
The microscopic, diffraction, and interference images are
recorded by an 8-bit digital CMOS camera (PL-B762,
Pixelink) with 752 × 480 pixels. Additionally, an infrared
(IR) diode-pumped solid-state laser (λ = 1064 nm) can be
focused onto the sample, allowing optical manipulation of
the defects via local heating. Beam splitter BS2 is included
in the setup only when the manipulation of the defect
structure is performed by the IR laser.

III. RESULTS

A. Optical characterization: imaging polarimetry and
diffractometry

In homeotropic samples, where the director is considered
fixed at the substrates in the direction of the surface

normals, using compounds with εa < 0, one can induce
a Freedericksz transition with an electric field parallel to
the initially homogeneous bulk homeotropic alignment. In
such geometry, the energetically favorable director reori-
entation, when the director tends to be perpendicular to
the electric field, is azimuthally degenerate. As a conse-
quence, the so-called umbilical defects appear, which are
not strictly singularities in the director field; their cores are
not localized point defects, but are places where the direc-
tor escapes to the original homeotropic direction, out of the
cell plane [16,63–65].

There is a specific voltage and frequency range where
formation of a lattice of umbilical defects has a lower
threshold voltage Uth than that of the homogeneous Freed-
ericksz transition or that of the appearance of randomly
scattered umbilical defects [59]. Such defect-lattice forma-
tion is considered as a result of an instability related to the
large difference between the conductivities of the LC and
the CYTOP layer, leading to internal voltage attenuation.
By application of voltage to the overlapping electrodes, a
lattice of umbilical defects can be generated [Figs. 2(a)
and 2(b); the sample thickness is d = 26.3 μm]. As the
periodicity of the lattice is much smaller than the electrode
width, the electrode edges have no direct influence on the
position of the defects, nor on their periodicity, although
they force the lattice direction to be parallel with them.
The lattice size depends on the combination of various
material constants and on the parameters of the driving
voltage (U and f ), and importantly, it directly scales with
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(a) (b)

(c) (d)

(e) (f)

FIG. 2. Snapshots of polarization micrographs under crossed
polarizers (a) without and (b) with a λ plate inserted. In (b), the
white square represents a possible choice of the primitive cell of
the defect lattice. (c) Color map of the azimuthal angle ϕ(x, y) of
the effective slow axis and (d) the magnitude of the retardation
as the effective phase shift �(x, y). The experimental conditions
are f = 22 Hz, U = 1.07Uth, and d = 26.3 μm. Green rods in
(a) represent visualization of the average in-plane director ñ. (e)
The simplified two-dimensional director field described by Eqs.
(7) and (8). (f) Simulated texture of the two-dimensional direc-
tor field with � = 2.8 at 633-nm wavelength and with crossed
polarizers.

the cell thickness [59]. The optical properties of the defect
lattice are investigated by two complementary techniques:
polarimetry and diffraction.

Using the imaging-polarimetry technique, we quanti-
tatively map the effective birefringence in the plane of
the sample. In general, the director is a pseudovector
field: n(x, y, z) = (nx(x, y, z), ny(x, y, z), nz(x, y, z)), with
|n| = 1. With this polarimetric technique, we can deter-
mine only an average director in the x-y (sample) plane.
Figure 2(c) depicts the color map of the azimuthal angle
ϕ(x, y) of the effective slow axis (which is actually the
projection of the average director), and Fig. 2(d) shows
the color map of the magnitude of the effective retardation
(phase shift)

�(x, y) = 2π

λ

∫ d/2

−d/2
(n(z) − no)dz, (1)

with

n(z) = neno√
n2

o(n2
x + n2

y) + n2
en2

z

, (2)

where no and ne are the ordinary and extraordinary refrac-
tive indices, respectively, n(z) is the effective local index
corresponding to the out-of-the-sample-plane tilt of the
director, and d is the cell thickness. For each pixel, the
average director ñ = (ñx, ñy , ñz) can be calculated such
that

�(x, y) = 2πdno

λ

⎡
⎣ ne√

n2
o(ñ2

x + ñ2
y) + n2

e ñ2
z

− 1

⎤
⎦ . (3)

The projection of the average nematic director field on
the sample plane determined experimentally is plotted
as green rods on top of the polarizing micrograph taken
with crossed polarizers and monochromatic red light in
Fig. 2(a). Shorter rods mean smaller director tilt from
the plane normal and thus correspond to lower birefrin-
gence. Furthermore, Fig. 2(b) presents a snapshot taken
with an additional λ plate (full-wave plate) inserted (with
white-light illumination). It is evident from the figures
that defects with s = −1 and s = +1 topological charges
alternate in the lattice with a distance D between them.
Consequently, the primitive cell of the lattice is a centered
square positioned at 45◦ with a lattice constant of

√
2D. A

possible choice of the primitive cell of the lattice is shown
as a white box in Fig. 2(b), with the s = −1 defects at the
corners and the s = +1 defect in the center.

To clearly understand the experimental findings, we
perform optical calculations based on the continuum the-
oretical description [59] of the system considered. The
three-dimensional director field of the defect lattice in the
linear approximation of the director (assuming nx � 1 and
ny � 1) is given by

nx(x, y, z) = −θ(z) sin
(√

2qx
)

, (4)

ny(x, y, z) = θ(z) sin
(√

2qy
)

, (5)

nz(x, y) =
√

1 − n2
x − n2

y , (6)

where θ is the tilt angle of the director with respect to
the sample normal and q is the characteristic wave num-
ber of the pattern. This director field, which is actually a
45◦-rotated version of that used in Ref. [59], holds near
the threshold voltage Uth, where the distortion is still small
(θ � 1), and describes defects with alternating s = +1 and
s = −1 topological charges, which are positioned along
lines parallel to the x and y axes. The distance between
neighboring defects is � = √

2π/q. On increase of the
voltage, the distortion is enhanced and director gradients
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FIG. 3. Experimental (a)–(c) and simulated (d)–(f) diffraction patterns with several different polarizer settings. The assigned base
vectors in Fourier space and the indexing of spots are indicated in (f).

are mostly restricted to a narrow boundary layer near the
substrate and to narrow regions around the defect cores. In
the very-high-voltage limit (U � Uth) one thus arrives at a
simplified two-dimensional (2D) director field of

nx (x, y) = − sin(
√

2qx)√
sin2(

√
2qx) + sin2(

√
2qy)

, (7)

ny (x, y) = sin(
√

2qy)√
sin2(

√
2qx) + sin2(

√
2qy)

. (8)

This 2D director structure shown in Fig. 2(e) has the same
azimuthal angles as the three-dimensional distortion given
in Eqs. (4)–(6), but is assumed to be independent of z. It
has a constant retardation � everywhere but at the singular
defect cores. This director field, which approximates the
actual director structure of the experimental defect lattice
at high voltages, is used as the starting point for the optical
calculations. The 2D approximation is expected to give a
good description of the grid pattern when the size of the
defect cores is significantly smaller than the cell thickness
(the lattice size of the grid structure is proportional to the
thickness). In the case of a single umbilical defect, the core

size ζ depends on the applied voltage relative to the thresh-
old: ζ ∼ (d/π)[(U/Uth)

2 − 1]−1/2 [63]. This expression
may not be precise for the grid pattern; nevertheless, its
application is the only way to give a crude estimate of
the validity limit for the 2D approximation. If the core is
regarded as small at ζ/d < 0.1, then U > 3.3Uth should
stand for the validity range of the 2D approximation.

By knowing the director field, we can calculate the
electric field vectors Eo(x, y) and Ee(x, y) (subscripts
o and e represent the ordinary and extraordinary light
components), which determine the intensity and the
polarization of the light exiting the sample, using a Jones-
matrix method [66,67]. Our calculations consider the sim-
plest case of parallel input rays, which is shown to give
qualitatively-very-comparable results for experiments and
simulations performed even with numerical apertures of
0.4 [67]. Additionally, effects such as ray deflection and
focusing-defocusing can be ignored in our case due to the
exceptionally low refractive-index anisotropy of the LC
mixture used.

An example of a calculated polarizing-microscope
image can be seen in Fig. 2(f), for which approximately
the same parameters (� = 2.8, red light of 633-nm wave-
length, and same defect distances) are used as for the
experimental data shown in Fig. 2. The Jones-matrix
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calculation reconstructs qualitatively well the measured
image with crossed polarizers; some differences can be
found in the vicinity of the defect cores, which is
because in the case of the experiment, the phase difference
decreases there, in contrast to the simplified 2D model,
where � is constant, except precisely at the defect cores.

As clarified by the polarimetry result, the defect lattice
in the present study is essentially the 2D periodic structure
of the nematic director field. Therefore, it works as a
phase grating. By wide-area illumination, clear far-field
diffraction patterns are observed, depending on the light
polarization states [Figs. 3(a)–3(c)]. For better visibility,
the color scale is different for all plots in Fig. 3. Know-
ing the electric field vectors Eo(x, y) and Ee(x, y) of the
light exiting from the sample, we can simulate the patterns.
The field vectors Ed

o(qx, qy) and Ed
e(qx, qy) of the diffracted

light correspond to the 2D Fourier transforms of the field
vectors at the exit from the sample:

Ed
j (qx, qy) ∝

∫ ∫
Ej (x, y) exp(−iqxx − iqyy)dxdy;

j → o, e. (9)

Figures 3(d)–3(f) show the computed diffraction pattern
obtained with the two-dimensional director distribution
under the assumption of the normal incidence of light. As
the unit cell of the defect lattice is at 45◦ to the x and y
axes, the reciprocal lattice is similarly rotated by 45◦. The
relative intensities and thus the visibility of the diffrac-
tion spots depend on the polarization states of light: the
spot intensities depend on the angle β, which the polarizer
encloses with the x axis. The most-intense diffraction spots
are indexed in Fig. 3(f) following the Miller convention.
For parallel and crossed polarizers, the absolute diffraction
efficiencies as a function of β for different groups of peaks
can be seen in Figs. 4 and 5, respectively. It is worth not-
ing that while the peak positions shown by the experiments
and the simple 2D model match well, there are mismatches
in the β dependence of spot intensities, and the relative
intensities in some cases. The physical reason for this will
be discussed elsewhere.

The efficiency of light diffraction on the grid pattern
depends on the director profile as well as on the polarizer
settings. For example, the central (0,0) spot is extinct at
crossed polarizers, and other spot intensities depend on the
angle β, which the polarizer encloses with the x axis.

The diffraction efficiencies for several spots are cal-
culated in the case of various polarizer-analyzer settings
by use of the 2D approximation of the director structure.
Inspection of the simulation results shows that due to
the symmetry of the defect lattice, the diffraction spots
[indexed in Fig. 3(f)] can be separated into three groups:
the central (0,0) spot, the group-A (1,0), (0,1), (1̄,0), and
(0,1̄) spots, and the group-B (1,1), (1,1̄), (1̄,1), and (1̄, 1̄)
spots. The behavior of spots belonging to the same group

(a)

(d)(c)

(b)

FIG. 4. Comparison of the theoretically expected and experi-
mentally obtained dependence of selected spot intensities on the
polarizer angle β for a parallel polarizer and analyzer. (a) Cal-
culated values for the (1,0) spot, (b) measured values for the
spots of group A, (c) calculated values for the (1,1) spot, and
(d) measured values for the spots of group B.

is identical but differs from that of the members of the other
groups. Figures 4(a) and 4(c) depict the calculated angular
β dependence of the normalized intensity of the represen-
tative (1,0) and (1,1) spots, I1,0(β) and I1,1(β), respectively,
at a parallel polarizer and analyzer setting; Figs. 5(a)
and 5(c) depict the same, but at a crossed polarizer and
analyzer setting. Normalization is done with respect to the
total incoming intensity.

To allow a detailed comparison of experimental
results and theoretical expectations, the measured angular

(a)

(d)(c)

(b)

FIG. 5. Comparison of the theoretically expected and experi-
mentally obtained dependence of selected spot intensities on the
polarizer angle β for a crossed polarizer and analyzer. (a) Cal-
culated values for the (1,0) spot;,(b) measured values for the
spots of group A, (c) calculated values for the (1,1) spot, and
(d) measured values for the spots of group B.
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FIG. 6. (a)–(f) Snapshots (35 × 35 μm2) of the neighbor-
hood of selected s = ±1 defects: (a),(b) for crossed polarizers,
(c),(d) between a left-circular and a right-circular polarizer, and
(e),(f) between two left-circular polarizers. (g),(h) Corresponding
interferograms of the right-handed circularly polarized compo-
nent obtained with a polarized Gaussian reference beam, whose
swirling phase patterns prove the vortex-beam generation. The
experimental conditions are f = 60 Hz, U = 12 V rms, and
d = 21.4 μm. (i),(j) Calculated spiral interferograms for the 2D
deformation, showing good agreement with experimental ones.

dependence of the normalized intensities of selected spots
is plotted in Figs. 4(b) and 4(d) for the parallel polarizer
and analyzer setting and in Figs. 5(b) and 5(d) for the
crossed polarizer and analyzer setting. The intensity Iij of
the diffraction spot with index (i, j ) is calculated by sum-
ming the pixel intensities within a square area enclosing
the named spot. For the normalization, the total inten-
sity is calculated by summing the intensities of the nine
indexed spots at parallel and crossed polarizer and analyzer
settings. The intensities of higher-order diffractions (not
indexed) are substantially weaker, so they are ignored.

Comparing the theoretical and experimental results in
Figs. 4 and 5, one can immediately notice a typically
good qualitative agreement in the shape of the curves.

The minima and maxima are at the expected angular posi-
tions; the maximum intensities are in the expected order.
[The sudden deviations from the sinusoidal shape seen in
Figs. 5(b) and 5(d) are attributed to unexpected temporary
fluctuations of the illuminating-laser intensity during the
measurement.] The only significant difference is detectable
in Fig. 4(d), which shows a symmetry breaking in the angu-
lar dependence of the intensities of the spots of group B;
namely, the behavior of the (1,1) and (1̄, 1̄) spots differs
from that of the (1,1̄) and (1̄,1) spots. The physical reason
for this symmetry breaking will be discussed elsewhere in
detail; the origin of this effect is expected to be the cumu-
lative consequence of factors not taken into account in the
simulations. These may include a small deviation from the
normal incidence of light, a small gradient of the sample
thickness, a deviation from the cylindrical cross section

(a)

(b)

FIG. 7. (a) Voltage dependence of the transmitted intensity of
laser beams integrated over a square area around defects with
topological charge of s = −1 and s = +1. (b) Voltage depen-
dence of the vortex-generation efficiency η for defects with
topological charge of s = −1 and s = +1. The red, green, and
blue curves correspond to illumination with laser light of the
corresponding color.
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(b)(a)

(d)(c)

FIG. 8. Snapshots of polarization micrographs of a dislocation
in the grid pattern under crossed polarizers (a) without and (b)
with a λ plate inserted. (c) Color map of the azimuthal angle
ϕ(x, y) of the effective slow axis and (d) the magnitude of the
retardation as the effective phase shift �(x, y). The experimen-
tal conditions are f = 22 Hz, U = 1.05Uth, and d = 26.3 μm.
Green rods in (a) represent visualization of the average in-plane
director ñ.

of the illuminating Gaussian beam, a difference between
the centers of the Gaussian beam and the defect lattice,
and the curvature of the light path through the nematic
LC layer (shadowgraph effects). This assumption is rein-
forced by the fact that calculation of the diffracted image
even from the experimentally determined polarimetric data
does not reproduce the symmetry breaking observed in
Fig. 4(d).

B. Vortex-beam generation from single defect points

Figures 6(a) and 6(b) show polarizing micrographs of
the s = ±1 topological defects taken with the imaging
mode with crossed polarizers and limited-area laser-light
illumination. The transmission intensities in these single
defect areas are measured as a function of the applied volt-
age U, presented in Fig. 7(a). The intensity values are
obtained by integration over the images of the selected
square area corresponding to Fig. 6. The transmission
intensity IT,cross(U) drastically changes at a certain thresh-
old voltage, according to the sharp transition from the
homeotropic state to the defect-lattice state. This behavior
resembles that of the conventional Freedericksz transi-
tion, but occurs at a considerably higher threshold voltage
compared with the usual sample cells with alignment lay-
ers other than CYTOP. The difference in the high-voltage
region among the IT,cross(U) curves for the three different

light wavelengths is attributed to the fact that the maxi-
mal phase difference �max = 2π(ne − no)d/λ depends on
the wavelength (for our sample �max ≈ 2π at λ = 633
nm, �max ≈ 2.4π at λ = 532 nm, and �max ≈ 2.9π at
λ = 450 nm).

In the micrographs taken with crossed polarizers, opti-
cal vorticity is not observed. However, it can be made
visible by use of circular polarizers for the input and out-
put light. When the defects with topological charges of
s = +1 and s = −1 are illuminated by left-handed circu-
larly polarized (LCP) light, the light transmitted through
the defects has right-handed circularly polarized (RCP)
and LCP components, as shown in Figs. 6(c)–6(f) for
the beam patterns filtered by the right- and left-circular
polarizers, respectively. The output of opposite handed-
ness (RCP) compared with the input polarization (LCP)
corresponds to the vortex mode as evidently observed
in a doughnutlike beam profile, while the output with
unchanged handedness (LCP) gives a negative doughnut of
the residual. Although the doughnutlike rings in Figs. 6(c)
and 6(d) prove the presence of the vortex component in the
right-handed circularly polarized component, it does not
provide any information on its phase structure. Therefore,
Mach-Zehnder interferometry is performed by use of a
Gaussian reference beam. In Fig. 6(g), a resulting inter-
ferogram is displayed with the swirling pattern, indicating
the presence of the spirals of the light phase (i.e., the gen-
eration of the vortex beam). The number of swirling arms
directly gives the topological charge l of the vortex beam
generated. In this case, the topological charge obtained
is l = ±2, which is consistent, because it is double the
topological charge (s = ±1) of the illuminated defect. It
can be seen in Fig. 6(h) that a defect with the opposite
topological charge s = −1 yields a vortex beam with the
oppositely spiraling phase as proven by the interferogram
of the swirling pattern with the opposite handedness.

Not only the transmission patterns but also the
interferograms can be simulated by the Jones-matrix
method, by vectorial addition of the electric field vectors,
Eo(x, y) and Ee(x, y), of the transmitted and the reference
Gaussian waves. Figures 6(i) and 6(j) depict the simulated
interference patterns, which exhibit the two spiral arms
originating from the vortex component of the light, in good
agreement with the experimental data [Fig. 6(g) and 6(h)].

The performance of the vortex generation in the present
system is evaluated by the so-called conversion efficiency,
η, defined as the portion of the light intensity converted
into the vortex mode:

η(U) = IRCP(U)

IRCP(U) + ILCP(U)
, (10)

where the input light is assumed to be LCP. The trans-
mission intensities IRCP and ILCP are measured by use
of appropriate circularly polarized filters. The voltage
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FIG. 9. Diffraction patterns of the defect lattice with a single dislocation at f = 22 Hz, U = 1.07Uth, and d = 26.3 μm. (a) Between
a parallel polarizer and analyzer: the (0, 0), (1, 1), and (1̄, 1̄) spots have no vortex structure; the spot intensity is homogeneous. (b)
Between a crossed polarizer and analyzer: the (1, 0), (0, 1), (0, 1̄) and (1̄, 0) spots exhibit vortex structure; there is no intensity in the
middle of the spot. (c) Between a left-circular and a right-circular polarizer: the intensities of the (1, 1) and (1̄, 1̄) spots are homoge-
neous, the centers of the (1, 0), (0, 1), (0, 1̄), and (1̄, 0) spots are dark, and the (1, 1̄) and (1̄, 1) spots contain two dark regions. Simulated
diffraction with use of the birefringence map determined by polarimetry of a dislocation in the grid pattern with w0 = 250 μm waist
radius of the Gaussian illumination (similar to the experimental conditions): (d) between parallel polarizers; (e) between crossed
polarizers; (f) between crossed circular polarizers. Dependence on the waist radius w0 of illuminating light (between crossed circular
polarizers): (g) w0 = 150 μm; (h) w0 = 450 μm.

dependence of η is presented in Fig. 7(b). It can be
seen that the η(U) curves are of the same character as
those of IT,cross(U) shown in Fig. 7(a). η takes the highest
values at the voltages where the effective phase shift �

approaches π , corresponding to the maxima of IT,cross(U).
This result matches our expectations and agrees with
earlier studies that confirmed a similar feature in other
systems [48,52,55].
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C. Vortex-beam generation by diffraction from
defect-lattice dislocations

In the previous sections, we consider the single topo-
logical defects and their uniform square lattice. However,
imperfectness of the lattice order often leads to the for-
mation of dislocations like in atomic crystals. Thus, the
present system actually has another level of homotopically
distinct states around these dislocations. The dislocations
in the lattice structure may be induced either spontaneously
after voltage jumps or intentionally by illumination of the
lattice with a focused IR laser [59]. An example of such a
dislocation is presented in Figs. 8(a) and 8(b). The direc-
tor mapping is performed by polarimetry, as shown in
Figs. 8(c) and 8(d). The result clearly shows the dislocation
possessing a Burgers vector parallel to the x axis.

The presence of the dislocation breaks the fourfold sym-
metry of the square defect lattice; that is, the directions
parallel (x) to and perpendicular (y) to the Burgers vector
are no longer equivalent. This symmetry breaking modifies
the diffraction pattern. Figures 9(a)–9(c) show the mea-
sured diffraction pattern of the defect lattice with a single
dislocation located in the center of the illuminated area.
The pattern changes with the polarization state as shown in
Fig. 9(a) between a parallel polarizer and analyzer (β = 0),
in Fig. 9(b) between a crossed polarizer and analyzer (β =
0), and in Fig. 9(c) between a left-circular and a right-
circular polarizer. It is clearly seen that the central beam
and the (1, 1) and (1̄, 1̄) spots exhibit no vortex character.
In contrast, the centers of the (1, 0), (0, 1), (1̄, 0), and (0, 1̄)
spots are dark, implying that these diffracted beams pos-
sess a vortex character. Moreover, the (1, 1̄) and (1̄, 1) spots
exhibit two dark regions indicating optical singularities.

To calculate the diffracted light on the grid pattern with
a dislocation, we take the projection of the director struc-
ture determined by polarimetry (seen in Fig. 8). By having
the spatial distribution of the magnitude and azimuthal

(a) (b)

FIG. 10. (a) A montage of the experimental interference pat-
terns of a Gaussian reference beam with the diffraction spots
resulting from a sample in between a left-circular and a right-
circular polarizer. For (1, 1) and (1̄, 1̄) the pattern is circular
(l = 0). For (1, 0), (0, 1), (0, 1̄), and (1̄, 0) the spiral has one
arm (l = +1 or −1). For (1, 1̄) and (1̄, 1) the spiral has two
arms (l = +2 or −2). (b) Interference patterns of the simulated
diffraction with eight Gaussian reference beams showing good
agreement with (a).

angle of the effective birefringence, we can position the
center of illuminating light with a Gaussian profile in the
core of the dislocation. Using the Jones-matrix method, we
calculate the distribution of output electric fields and the
diffraction similarly to the dislocation-free case described
in Sec. III A. The calculated diffraction patterns corre-
sponding to the different polarization states shown in
Figs. 9(a), 9(b), and 9(c) can be seen in Figs. 9(d), 9(e),
and 9(f), respectively. In all cases here, the waist radius
w0 = 250 μm is used, which is similar to the experimen-
tal conditions. For (1, 1̄) and (1̄, 1), the most spectacular in
Fig. 9(f), we obtain the two dark regions found also in the
experiments.

We suspect that the presence of two dark spots in (1, 1̄)
and (1̄, 1) may be the result of the limited area of illu-
mination. To investigate this hypothesis, we calculate the
diffraction patterns as a function of the waist radius w0 of
the Gaussian input beam. The dependence of the diffrac-
tion pattern (with use of crossed circular polarizers) on the
waist radius can be seen in Figs. 9(g) and 9(h) correspond-
ing to w0 = 150 μm and w0 = 450 μm, respectively. For
the smaller waist seen in Fig. 9(g), the presence of the two
dark spots in (1, 1̄) and (1̄, 1) is more pronounced, while for
the larger beam size [Fig. 9(h)], the two dark regions are
merged, showing single doughnuts, as expected. Because
of the limited field of view available for the polarime-
try, the effect of a significantly larger beam size cannot
be studied. (In Fig. 8, only a fraction of the entire field
of view is plotted for better visibility.) The calculated
diffraction pattern in Fig. 9(h) matches the experimental
finding [Fig. 9(c)] because of the approximate matching of
the illuminating-beam sizes.

To experimentally confirm the topological states of the
diffracted beams, a Gaussian reference is directed to each
diffraction spot with use of a left-handed and a right-
handed circular polarizer for input and output, respectively.
The montage in Fig. 10(a) summarizes the behavior of the
indexed diffraction spots (except for (0, 0)). The interfer-
ence patterns for the (1, 0), (0, 1), (0, 1̄), and (1̄, 0) spots
are spirals with one arm; the spirals rotate counterclock-
wise for (1, 0) and (0, 1̄) but clockwise for (1̄, 0) and (0, 1).
They correspond to optical vortices with a topological
charge of l = ±1. On the other hand, the interference pat-
terns of (1, 1) and (1̄, 1̄), located along the direction normal
to the Burgers vector, are circular (i.e., they are Gaus-
sian beams). The remaining spots, (1, 1̄) and (1̄, 1), located
along the direction of the Burgers vector, exhibit a spiral
interference pattern with two arms rotating clockwise and
counterclockwise, respectively. They correspond to optical
vortices with a topological charge of |l| = 2.

For justification of the experimental findings, we cal-
culate the interference of the simulated diffraction spots
with eight Gaussian reference beams and present them
in Fig. 10(b). In all cases, the simulated interference
reproduces the experimentally obtained spirals with all
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(a)

(b)

FIG. 11. Voltage dependence of the diffraction efficiency of
diffraction spots for a dislocation in the defect lattice for a sample
placed in between left-handed and right-handed circular polariz-
ers (a) for (1, 0), (0, 1), (0, 1̄), and (1̄, 0) spots and (b) for (1, 1̄)
and (1̄, 1) spots.

important characteristics, including the number of arms
and helicities.

The relative intensity of the diffraction spots (i.e., the
diffraction efficiency) depends on the applied voltage.
Figure 11 depicts the relative intensities of spots belonging
to l = ±1 [Fig. 11(a)] and l = ±2 [Fig. 11(b)] obtained for
a sample placed between a left-handed and a right-handed
circular polarizer with the same method as before. The
largest diffraction efficiencies are obtained for the voltage
where the retardation is � ≈ π , similarly to the vortex-
beam generation from the single defects. At the same
voltage, the intensity of the direct (0, 0) beam transmitted
by two left-circular polarizers decreases to zero (i.e., under
such conditions all the light goes into the diffracted beams).

IV. CONCLUSION

We show that lattices of the topological defects
appearing during the recently discovered inhomogeneous

director reorientation of homeotropic layers of nematic
liquid crystals with negative dielectric anisotropy are con-
venient targets for studying the generation of optical vor-
tices. As demonstrated, vortex generation may occur at two
levels (i.e., at two length scales). At the first level, each
individual defect converts part of the circularly polarized
light into a vortex beam with opposite circular polariza-
tion, as is clearly proven by microscopy. Beams diffracted
on a regular defect lattice, however, do not carry vorticity;
this is attributed to the fact that the diameter of the laser
beam used for diffraction much exceeds the length scale
of the deformation around a defect. At the second level,
a dislocation of the lattice structure represents a topologi-
cal defect at another, larger length scale, which can be of
the same order as the diameter of the laser beam. Then
diffraction on a single dislocation is possible, which results
in diffracted beams with an optical vortex character. The
topological charge of these optical vortices depends on the
Burgers vector as well as on the order (the Miller indices)
of the diffraction.

The vortex generation and the diffraction efficiencies
depend strongly on the applied voltage. Efficiencies are
maximal when the retardation of the nematic layer equals
� = π . For diffraction on a dislocation, all light is
converted into the diffracted (mostly vorticity-carrying)
beams.

As regular defect lattices as well as dislocations in them
can be fabricated reliably and reproducibly, the effect stud-
ied has the potential of practical application as a source of
optical vortex beams. For actual device preparation, fix-
ing the positions of the defects and their dislocations may
be a crucial point. Partial polymerization of the distorted
structure [60] is a tool to reach that goal. In the case when
the optical vortex generation is done by varying the wave-
length, or electronic switching on and off is needed, the
system presented here may offer a better alternative to the
currently used techniques of finite-resolution spatial light
modulators or vortex retarder half wave plates made for a
specific wavelength.
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