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Abstract—It is demonstrated that an optical beam acquires a component with spiral dislocation of wave front
(optical vortex) due to passage through a layer of homeotropically aligned nematic liquid crystal with light-
absorbing admixture. The vortex is formed owing to the heating of liquid crystal and transition to isotropic
phase in the irradiated region, which leads to the generation of axisymmetric field distribution of director at
the interface of the isotropic channel and nematic liquid crystal.
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INTRODUCTION

Optical beams with helical dislocations of wave
front [1, 2], the so called optical vortices (OVs), attract
much attention in recent years [3, 4]. The spiral char-
acter of phase leads to a singularity at the beam axis, so
that the intensity in the central region is zero and the
transverse intensity distribution is ring-shaped with a
central minimum. The interest in OV is related to mul-
tiple applications (e.g., optical tweezers [5—7], systems
for optical data transmission and processing [8—10],
visualization of astronomical objects [11, 12], etc.).

The methods for the OV generation are based on
the application of spiral retardation plates and axicons
[4, 13, 14], dynamic holograms [6, 15], cylindrical
lenses [16], and propagation of a focused beam along
the optical axis of crystal [17—19]. Note also that OVs
can be generated with the aid of cells with nematic liq-
uid crystals (NLCs) [20—27]. NLCs are substantially
anisotropic media the optical properties of which can
easily be controlled using variations in external fields,
temperature, boundary conditions, etc. In systems
that employ NLCs for OV generation, a defect of ori-
entation of the director field (a unit vector that is
determined by the dominant orientation of the mole-
cules of liquid crystal and directed along the optical
axis) is generated [20, 21]. The director distribution
depends on the azimuthal angle, and the dependence
is determined by topological charge g of defect. An OV
with a charge m = 2¢ is formed when a circularly polar-
ized beam passes through a layer with such a defect. In
this case, the OV represents a circularly polarized
beam in which the rotation direction of optical field is

opposite to the rotation direction of the field of the
incident (reference) beam.

In addition to the topological charge [20], phase
difference O between ordinary and extraordinary
waves at the thickness of the sample can be used to
characterize g-plates [20]. The energy of the incident
beam is totally transferred to the OV at & = 7, so that
the method strongly depends on the wavelength of the
incident beam. Such a problem can be solved using
thermal action [22] or effect of external field [23—25]
on the NLC birefringence.

The axisymmetric defect of orientation of the
director field in NLC can be generated with the aid of
the rubbing of aligning substrates that leads to radially
symmetric boundary conditions [20—23] or photoal-
ignment of deposited polymer [23, 24]. The applica-
tion of natural defects of orientation in the disordered
NLC layer (defects of the schlieren texture) is also
possible [25]. A nematic droplet in water that exhibits
radially symmetric distribution of the director field
can also be used as a liquid-crystalline object that
forms an OV upon passage of circularly polarized radi-
ation [26].

A method for the OV generation in a homeotropi-
cally oriented NLC cell (low-frequency anisotropy
Ae < 0) in the absence of a preliminary formed defect
under the action of subthreshold electric field was pro-
posed in [27]. A photoconducting layer was deposited
on a substrate of the cell, and irradiation caused the
generation of charges and amplification of the low-
frequency field in the irradiated region. The conse-
quent local threshold exceedance and axisymmetric
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Fig. 1. Scheme of the experimental setup: DFR is double Fresnel rhomb, FR1 and FR2 are Fresnel rhombs, NLC is the cell with
nematic liquid crystal, A is analyzer, and S is the screen. The arrows show the polarization of radiation. The linear polarization is
rotated relative to the horizontal direction. The solid and dashed arrows correspond to the reference and vortex beams, respec-
tively. The arrows in front of the screen show the direction of polarization of the analyzer that is needed for visualization of the

corresponding component.

reorientation of the director led to the formation of
defect needed for the OV generation.

In the aforementioned works, a necessary condi-
tion for the OV generation involves the spatial match-
ing of the beam and defect (phase object) or applica-
tion of strongly convergent beams or external fields.

In this work, we propose a method for OV genera-
tion with the aid of a circularly polarized beam passing
through a dye-doped NLC that does not contain pre-
liminary prepared defects and in the absence of exter-
nal field. The axisymmetric field of director is formed
due to the local phase transition NLC—isotropic lig-
uid owing to heating.

SAMPLES AND EXPERIMENTAL SETUP

We use a ZhKM-1277 (NIOPIK) matrix with a
nematic phase at temperatures ranging from —20 to
+60°C. The refractive indices of the extraordinary and
ordinary waves at a wavelength of A = 589 nm are 1.71
and 1.52, respectively. The NLC is doped with methyl
red dye (MR):

Ne
N
H;C. /©/ COOH .
N

CH,

The liquid-crystalline mixture is placed in a plane-
parallel cell that consists of two glass substrates the
distance between which is 100 pm. The admixture
concentration is 0.3 wt %, and the absorption spec-
trum of the mixture is peaked at A = 510 nm. The
absorption coefficient of the ordinary wave at a wave-
length of A = 532 nm is o, = 160 cm~!. The homeo-
tropic orientation of the NLC (director n is orthogonal
to the substrates) is generated using an aligning layer of
chromium stearyl chloride that is deposited with the
aid of centrifuging and thermally processed.

Figure 1 shows the scheme of the experimental
setup. We use linearly polarized radiation of a LASOS
Lasertechnik GL-V6 solid-state laser with a radiation
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wavelength of A = 532 nm. The radiation passes
through a system of polarization elements (double
Fresnel rhomb (DFR) and Fresnel rhomb (FR1)) and
is focused by a lens with f = 6 cm. The beam waist is
wy = 30 pm on the NLC cell. The DFR rotation rela-
tive to the beam axis makes it possible to form linear or
circular polarization. The radiation is incident on the
NLC along the normal, and the wave vector is parallel
to unperturbed director n,. The beam transmitted by
the NLC cell passes through the second Fresnel
rhomb (that transforms the circular polarization into
linear one) and a film polarizer. We can separately
analyze the reference and vortex beams with opposite
circular polarizations, since the second Fresnel rhomb
(FR2) transforms the circular polarizations into
mutually orthogonal linear polarizations. The trans-
verse intensity distribution of the transmitted beam is
observed on a screen.

EXPERIMENTAL RESULTS
Formation of Isotropic Channel

Figure 2 presents the photographs of the transverse
intensity distribution of the optical beam having
passed through the liquid-crystalline cell. The inci-
dent beam is circularly polarized. The experiments are
performed in the absence of FR2 and analyzer. It is
seen that a gradual increase in the power of the beam
that is incident on the NLC leads to the formation of
an aberration pattern in the far-field zone and, then,
disappearance of such a pattern.

At a power of P = 0.2—5 mW (Figs. 2a—2c), we
observe a system of aberration rings the divergence
and characteristic time for which correspond to the
thermal nonlinearity (i.e., bell-shaped variation in the
refractive index owing to local heating of the sample).
A further increase in the power results in the suppres-
sion of the aberration pattern, so that its contrast and
divergence decrease (Figs. 2d—2f). Such a transforma-
tion of the intensity distribution is related to the for-
mation of a channel of isotropic liquid along the beam
axis (Fig. 3a) due to heating [28, 29]. The director of
NLC tends to normal orientation relative to the
boundary of such a cylindrical channel, so that an
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Fig. 2. Transverse intensity distribution of the optical beam having passed through ZhKM-1277 + 0.3% MR for optical powers of
P=(a)0.2, (b) 2, (c)5,(d) 8, (e) 14, and (f) 17 mW. Distributions (a)—(c) correspond to an increase in the thermal nonlinearity
and an increase in the size of the aberration pattern (formation of the nonlinear lens), and distributions (e), (f) correspond to the
transformation of the nonlinear lens into an isotropic channel and, hence, a decrease in the beam divergence.
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Fig. 3. (a) Scheme of the formation of the isotropic channel in the NLC in the irradiated region (the segments show the directions
of the director (optical axis)) and (b) profile of the refractive index (#,, is the refractive index of ordinary wave, 7, is the refractive
index of extraordinary wave, and n;, is the refractive index of isotropic phase).

axisymmetric field of director is formed inside the
irradiated region, which is needed for OV generation.
In addition, the distribution of the refractive index
ceases to be bell-shaped in accordance with the inten-
sity profile of the beam (as would be in the presence of
thermal nonlinearity) and a region that corresponds to
the refractive index of isotropic phase is formed
(Fig. 3b).

(b)

Fig. 4. Intensity distribution of the optical beam (A =
532 nm and P = 18 mW) in the far-field zone behind the
analyzer the axis of which is (a) perpendicular and (b) par-
allel to the polarization of the incident beam.
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Note the absence of effects related to the light-
induced reorientation of director in such a configura-
tion. This result is due to the fact that the MR dye
induces negative orientational nonlinearity in ZhKM-
1277 and the optical torque provides the stabilization
of the original homeotropic orientation of the NLC.
When the isotropic channel is formed, optical orienta-
tional effects are relatively weak in comparison with
the thermal effects.

When the NLC is irradiated by a linearly polarized
beam at a power that is sufficient for the formation of
the isotropic channel (the experimental results are
presented for a power of P = 18 mW), we observe a
dark cross in the crossed polarizers, which is typical of
a point defect [29] (Fig. 4a). When the analyzer is par-
allel to the polarization plane of the incident beam, we
observe diffraction equidistant rings (Fig. 4b). The
distance between the rings can be used to determine
channel diameter D that provides the diffraction of
radiation: D = A/AO® (A is the radiation wavelength,
and AO is the angular distance between the neighbor-
ing rings). The channel dimension was estimated as
D =30 pm.

No.2 2015
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Fig. 5. (a)—(d) Experimental and (e)—(l) theoretical intensity distributions of the optical beam (A =532 nm and P = 18 mW) hav-
ing passed through the liquid-crystalline layer. The distributions are obtained in the far-field zone behind the analyzer for (a),
(e), (i) reference component (in the absence of vortex); (b), (f), (g) vortex component; and the interference of the reference and
vortex components at analyzer positions of (c), (g), (k) 0° and (d), (h), (1) 90°. The angular size of the frames is 0.1 rad. The pat-
terns in panels (e)—(h) are calculated for the Gaussian distribution of the refractive index with the central step, and patterns in
panels (i)—(1) are calculated for the Gaussian distribution of the refractive index.

Generation of Optical Vortex
on Isotropic Channel in NLC

To generate the OV, we use the same beam that
forms the needed deformation of the director. The
effect of the axisymmetric director field (that emerges
due to formation of an isotropic channel in an NLC)
on the phase of the transmitted beam is similar to the
effect of a point defect of orientation with a charge of
g = 1. The passage of a circularly polarized beam
through such a structure leads to the generation of OV
with a charge of m = £ 2. Here, the sign depends on
the polarization direction (clockwise or counterclock-
wise) of the incident beam.

The transformation of the incident beam into a
vortex beam is determined by phase shift § and is only
partial. This results in two components of the optical
field upon the passage of the NLC. The wave front of
the first component is free of singularities. The inten-
sity distribution corresponds to the diffraction by the
defect of the incident Gaussian beam (Fig. 5a). The
second component exhibits the ring-shaped intensity
distribution (Fig. 5b) and the opposite (with respect to
the incident beam) direction of the circular polariza-
tion. The FR2 and analyzer that are placed behind the
NLC allow separate observations of the components:
when the analyzer is rotated relative to the horizontal
direction by an angle of +45° (—45°), we observe the
vortex (reference) component.
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To visualize the spiral-shaped pattern, the summa-
tion of the OV and the Gaussian beam with the spher-
ical wave front is usually used (see, for example, [20]).
In the present study, OV interferes with the reference
component that acquires the needed curvature of the
wave front due to passage through the deformed region
of NLC. Analyzer angular positions of 0° (Fig. 5c) or
90° (Fig. 5d) make it possible to observe the interfer-
ence of the vortex and reference beams. The spiral-
shaped interference patterns (Figs. 5c and 5d) prove
the presence of a beam with a vortex structure of the
wave front It should be noted, that the first observa-
tions of a spiral in the transverse distribution of the
radiation intensity under local thermal phase transi-
tion in an NLC were reported in [28], but the effects
were not comprehensively interpreted.

The OV power in the experiments is P= 1 mW. The
power may substantially be increased due to a decrease
in the dye concentration. In this case, the vortex power
can be sufficient for problems of optical manipulation,
since the corresponding forces that provide the optical
trapping of micron-size dielectric particles will exceed
1 pN [30].

CALCULATION OF INTENSITY
DISTRIBUTION FOR VORTEX BEAM

We consider the transformation of the optical beam
that propagates through the NLC with the light-
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Fig. 6. Plots of the phase shift distributions that are employed in the calculations of the diffraction pattern: (a) Gaussian distribu-

tion with the central step and (b) Gaussian distribution.

induced isotropic channel. A beam focused on the

NLC has initially the plane wave front and the Gauss-

ian intensity distribution. The field of the incident

beam is represented as

_ 2

E (u) = Ae™ (D

where A is the amplitude of the beam and u is the

transverse coordinate in the plane of crystal that is
normalized by beam waist w,.

B

The absorption of radiation leads to NLC heating,
so that an isotropic channel is formed at the central
part of the irradiated region at a certain power. The
NLC director is rotated by a certain angle at the
boundary of the channel. The deformation of the
director decreases with an increase in the distance
from the interface. For simplicity, we assume that such
a decrease leads to phase shift for the transmitted light
in accordance with the Gaussian law

(2)

where is the parameter characterizing the change of
refractive index averaged over NLC thickness; L is the
thickness of the liquid-crystalline layer; k = 25/A is the
wave vector; and b is the dimensionless parameter that
characterizes the size of the region of the director
deformation. The effect of isotropic channel with
width 4 is described using a step of a constant phase
shift at the central region:

—bu®
S, (u) = kLdne™ ,

Siso = kLSI’lim, (3)

where dn,, is the refractive index change due to nem-
atic—isotropic phase transition.

Thus, the resulting phase shift is S(u) = S,(u) at
u > hand S(u) = S,,, at u < h (Fig. 6a).

150

To determine the transformation of the optical
beam due to the effect of NLC, we employ the Jones
matrices. In the basis of circular polarizations, the
matrix that characterizes the passage through the
homeotropically oriented NLC is written as
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where u and @ are the polar coordinates in the crystal
plane and S, and S,(z) are the phase shifts of the
ordinary and extraordinary waves, respectively
(Sw) = S,(uw)—S,). When a circularly polarized wave

Aye.. (plus and minus correspond to the left and right
circular polarizations, respectively) is incident on the
cell, the field of the transmitted wave is given by

W =e

)

4

E = WEge,
iS(u)
2 {cosS( )e++ sin

21S+

e 1 O
—Aoe S(zu) 2<pe+}

It is seen that the output beam is divided into two
components. The polarization and intensity distribu-
tion of the first component correspond to the incident
wave. The second component contains phase factor

e and corresponds to the OV. It exhibits a spiral

phase of the wave front, which leads to the minimum
intensity at the central part of the beam, and circular
polarization that is opposite to the polarization of the
incident wave.

To calculate the amplitude of the optical beam hav-
ing passed through the NLC, we use the Kirchhoff dif-
fraction integral

k 2 1kR2°"27'E
w,
Eu(Rw)="le ¥ j jE(u o)
(6)
—ikl;—zwo—ik;cos(w—(p)

X e udud@,

where R and y are the polar coordinates in the image
plane and z is the distance from the crystal to the
image plane. With allowance for the axial symmetry of
the problem, we have E(u,@)= E(u). Substituting
expression (5) in formula (6), we derive the expression

No.2 2015
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for the field of the optical wave having passed through
the liquid-crystalline layer with the isotropic channel:

2 kR o LiS(u)
Akwy 5. _ 2 iSyt——
Egp = =Le ™ judue Yo o 2
i
N 0 (7)

x{ei cos%]o(w) —ie e sin%]z(w)},

where T = kwyR/z and J; and J, are the zero- and sec-
ond-order Bessel functions, respectively. The intensity

distributions of the diffraction patterns /,;; = |Edif|2
that are calculated for several positions of the analyzer
(Figs. 5e—5h) are in good agreement with the experi-
mental results (Figs. 5a—5d).

The calculations with the Gaussian (rather than
stepwise) profile of the phase shift (Fig. 6b) yield
intensity distributions (Figs. 5i—51) that are also in
good agreement with the experimental data. Such a
model corresponds to the significant intensity decay
upon propagation of the optical beam when an isotro-
pic droplet is formed instead of a cylindrical isotropic
channel.

CONCLUSIONS

A method for generation of an optical vortex based
on the passage of a circularly polarized beam through
an NLC absorbing layer in the absence of preliminary
formed defects and external fields is proposed. The
vortex is generated due to formation of the axisymmet-
ric director field related to the local heating of NLC
and the development of isotropic channel. The results
of calculations of the vortex generation are in good
agreement with the experimental data.
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