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Q-plates micro-arrays for parallel processing of the photon orbital angular

momentum

Charles Loussert, Kateryna Kushnir, and Etienne Brasselet®
Laboratoire Ondes et Matiere d’ Aquitaine, CNRS, Univ. Bordeaux, F 33400 Talence, France

We report on the realization of electrically tunable micro-arrays of space-variant optically aniso-
tropic optical vortex generators. Each individual light orbital angular momentum processor consists
of a microscopic self-engineered nematic liquid crystal g-plate made of a nonsingular topological
defect spontaneously formed under electric field. Both structural and optical characterizations of
the obtained spin-orbit optical interface are analyzed. An analytical model is derived and results of
simulations are compared with experimental data. The application potential in terms of parallel
processing of the optical orbital angular momentum is quantitatively discussed.

Shaping the phase of an optical field, if possible in real-
time, is a common requirement for many applications such
as beam shaping and adaptive optics, to name a few. In par-
ticular, to obtain spiraling phase profiles remain a topical
challenge since Laguerre-Gaussian beams have been identi-
fied as beams carrying a well-defined amount of orbital
angular momentum per photon.' Indeed, this opened up a
wide range of applications® that promoted the development
of various techniques to shape the topology of light fields.
Among available strategies, those based on the coupling
between the spin and orbital angular momentum of light via
space-variant birefringent elements® represent an attractive
option. Indeed, this allows polarization-controlled handed-
ness of the spiraling wavefront® that is a key property for
both classical and quantum optics issues.’

Azimuthally, patterned liquid crystals slabs®’ and nano-
structured glass slabs® are nowadays commercially available
technologies. Such spin-orbit optical elements are sometimes
referred to as “g-plates” where the half-integer ¢ defines the
azimuthal distribution of the optical axis orientation angle 1/
of the form / = g¢ with ¢ the azimuthal angle. Ideally, the
birefringent phase retardation A of a g-plate is constant and
equals 7 for the operating wavelength. In that case, an inci-
dent circularly polarized axisymmetric light beam centered
on the g-plate emerges from it as an orthogonally polarized
vortex beam having an azimuthal dependence of the field
amplitude of the form exp(if¢), where £ = %24 is the topo-
logical charge of optical phase singularity and = sign
depends on the handedness of the incident circular polariza-
tion state.

Some of the expected future developments of g-plates,
such as space-division multiplexing of the orbital angular mo-
mentum of light, imply the development of g-plates arrays.
This requires mastering the fabrication of miniaturized
g-plates, which is not an easy task. In fact, state-of-the-art op-
tical structuring of the anisotropic properties of a g-plate is
confronted to inherent difficulties associated with the attempt
to fabricate an artificial material singularity. In practice, the
required azimuthal patterning is typically lost below ten
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micrometers or so, though recent advances in this direction
are worth mentioning.” A few years ago, it has been pro-
posed to use natural topological defects of liquid crystal
droplets, hence free of machining techniques, to achieve mi-
croscopic spin-orbit optical vortex generators.'® Since then,
several approaches explored the use of liquid crystal topo-
logical defects as self-engineered individual or arrays of
small scale g-plates. Indeed, one can mention natural,“’l2
electrical,13’14 rnagnetic,15 optical,lﬁ_zo and electro-opti-
cal*!?? options to realize microscopic azimuthally polarized
birefringent structures. However, the realization of efficient
parallel processing of the optical orbital angular momentum
at small scale remains elusive to date.

Here, we report on the realization of electrically tunable
micro-arrays of g-plates individually made of electrically
induced nonsingular topological defects spontaneously
formed in nematic liquid crystal with negative dielectric ani-
sotropy that is, umbilical defects, originally introduced
four decades ago.>* The experimental demonstration is sup-
ported by an analytical model whose simulations are com-
pared with observations.

Umbilical defects are usually obtained by applying a
quasistatic electric field at frequency f along the normal to a
thin slab (thickness L = 10 — 100 um) of nematic liquid
crystal sandwiched between two transparent and conductive
ITO (indium tin oxide) coated glass slabs treated to ensure
perpendicular anchoring of the liquid crystal. At rest the
orientational ground state of the director field n (that is, the
local average molecular orientation of the nematic) is illus-
trated in Fig. 1(a). If the nematic has a negative relative
dielectric anisotropy at frequency f, €,(f) < 0, umbilical
defects randomly appear in the sample above a threshold
voltage difference U =V between the two electrodes. Their
structure, analytically described by Rapini*® and experi-
mentally characterized in three dimensions in Ref. 24, is
sketched in Fig. 1(b). They correspond to defects described
by a director field of the form n = (sin ¥ cos ¥, sin ¥ sin,
cos ) in the Cartesian coordinate system (x, y, z), z being
the normal to the nematic film, with W(¢) = sd + V),
s = =1 and Y being a constant, the azimuthal angle of the
director in the (x, y) plane and ¥ the tilt angle of the director
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FIG. 1. (a) Perpendicularly aligned nematic liquid crystal slab with thick

ness L at rest. (b) Formation of an umbilical defect at an arbitrary location
using uniform electrodes and applying a quasistatic electric field at fre

quency f such as the relative dielectric anisotropy is negative, ¢,(f) < 0, for
high enough voltage difference U > V. (c) and (d) Formation of a localized
umbilic in the center of a disk shaped electrode of radius R associated with
voltage U, and frequency f;, with €,(f;) < 0, surrounded by a region associ

ated with Uy, f5, and €,(fz) > 0. When U, / 0, the reorientation tail in
region 2 can be quenched, namely, & — 0.

with respect to the z axis. In the framework of the Rapini’s
model, > the reorientation angle of an isolated umbilic is
expressed as 9(r, z) = 0(r) sin(nz/L), where r is the distance
to the defect core, 0(r) is the tilt amplitude in the mid-plane
z=L/2. As shown in a previous work, such defects behave
as electrically tunable microscopic g-plates with g = *=1;"
however, (i) without spatial control regarding their localiza-
tion and (ii) without possibility to obtain dense arrays of them
because of unavoidable mutual interaction between adjacent
defects.

To overcome such limitations, we propose to use pat-
terned electrodes instead of uniform ones. Our idea is shown
in Figs. 1(c) and 1(d) that illustrate how a localized umbilical
defect can be obtained by using a two-zone electrode pattern
associated with two independent quasistatic electric fields U,
and U, at frequencies f; and f>. Considering the region 1 as a
disk of radius R surrounded by the region 2, one can expect
the appearance of an umbilic centered on the region 1, if
€4(f1) < 0 when the applied voltage U, is high enough. If
U, = 0, the reorientation profile slightly extends inside the
region 2 over a typical distance ¢, see Fig. 1(c). On the other
hand, if U, # 0 and ¢,(f>) > 0, which is possible using a so-
called dual frequency nematic material, the reorientation in
the region 2 can be electrically quenched, namely, ¢ — O,
thereby preventing the self-engineered microscopic g-plate
from elastic interaction with its environment.

By extending the Rapini’s derivation to the axisymmet-
ric patterned electrode design shown in Figs. 1(c) and 1(d),
we obtain the following analytical description for a localized
umbilic in the case ¢,(fi) < 0 and €,(f>) > 0. Namely, the
tilt angle amplitude 0(r) is found to satisfy the nonlinear sec-
ond order differential equation
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associated with the boundary conditions 6(0) =0 and
O0(r > R) =0 and where p =r/R is the reduced radial

coordinate. In addition, we introduced the square of the
reduced distances, piz, and reorientation amplitudes, ®1‘2’
where i = (1, 2) refers to the region i
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where U ;=U;/V; is the reduced voltage with V,=n
K3/ (colea ()], €(fi) is the relative dielectric constant
parallel to the director, and K, K>, and K3 are the usual splay,
twist, and bend elastic constants of the nematic.””> We notice
that Eq. (2) implies to deal with an umbilic of the twist type,?
that is, Y, = n/2, in agreement with the fact that K, < K for
the nematic material used in our experiments.

The simulations are made by using the material parame-
ters of the dual-frequency nematic liquid crystal MLC-2048
(from Merck), namely, ¢,(fi) =—3.4 at f; = 100kHz,
€a(f2) =322 at f, = 1kHz, K; = 17.3pN, K, = 12.7pN,
and K3 = 30.3pN (Ref. 26) that give V| ~ 3.15 Vs and
Vo, ~324 V. In addition, we wuse cell thickness
L = 13 ym and electrode radius R = 30 pum that correspond
to the values of our experimental investigations. The radial
profile 6 is shown in Fig. 2(a) for various values of U | when
U, = 0, whereas the effect of the quenching voltage U, on
the director reorientation in region 2 at fixed U is shown in
Fig. 2(b). The efficiency of the electrical screening strategy
regarding the elastic interaction of a localized umbilical
defect with possible nearby defects is inferred from the de-
pendence of the characteristic length ¢ introduced in Fig.
1(c) on Ijz, see Fig. 2(c), where ¢ is defined as
O(R + &) = 0.1max,[0(r)].
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FIG. 2. (a) Simulated reorientation amplitude 6 vs reduced coordinate p /R
for Uy  1.0626 (curve 1), 1.43 (curve 2), 2.06 (curve 3), 3.01 (curve 4), and
5.55 (curve 5) at Uy 0. (b) Electrical quenching of the director reorientation
in region 2 at fixed Uy 1.27, for U, 0 (curve 1), 1.54 (curve 2), and 7.72
(curve 3). (c) Dependence of the characteristic length & [see Fig. 1(c)] on the
reduced quenching voltage U.
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FIG. 3. (a) Map of the spin orbit conversion efficiency # versus reduced beam waist w/R and applied voltage U at U,
1.92. The dependence of 1 along the dashed lines shown in panel (a) are shown in panels

the maximal value 7,,,, ~ 0.89 obtained for w/R  0.69 and U,
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(b) and (c). In panel (b), the index p refers to peak number. In panel (c), the grey area refers to a 10% deviation from 7,,,,.

The ability of a defect to shape the wavefront topology
of an incident light field is evaluated from the power fraction
n of the contra-circularly polarized component of the output
light field when the defect is illuminated on-axis by a circu-
larly polarized Gaussian beam.'* From previous work, see
Egs. (11) and (12) in Ref. 14, one gets

4 (> .
n= W‘L exp (—2r2/w?) sin’ [A(r)/2] rdr, 4)

where w is the beam waist radius in the plane of the cell,

A(r)y =21 é [n.(r,z) — ny]dz is the total birefringent retarda-

tion acquired by light as it passed throughout the film, with
ne = n”nj_/[nﬁ cos?d(r, z) + n? sin*d(r, 2)]'/?
local refractive index of the extraordinary wave and n | the
refractive index parallel and perpendicular to the director.
The calculated map of 5 in the plane of parameters
(w/R,U,) at Uy = 0 is shown in Fig. 3(a). A global maxi-
mum efficiency 7, = 0.89 is found for w/R = 0.69 and
U, = 1.92. The dependence of 1 versus reduced beam waist
w/R at fixed U; = 1.92 and applied voltage U, at fixed
w/R = 0.69, see dashed lines in Fig. 3(a), are shown in Figs.
3(c) and 3(b), respectively. The latter plots allow a quantita-
tive assessment of the sensitivity of the optimal spin-orbit
behavior, as emphasized by the grey area in Fig. 3(c) that
refers to 10% variation around maximum value 7,
Experimental investigation of the proposed electrically
tunable micro-arrays of liquid crystals g-plates concept is
carried out by using a L = 13 um-thick nematic film sand-
wiched between two ITO-coated glass substrates treated
with cetyl-trimethyl-ammonium bromide surfactant (from
Merck) providing with perpendicular anchoring. Electrode
patterning is achieved by direct laser ablation performed
before assembling the liquid crystal cell (see for instance
Ref. 27). The chosen micro-pattern consists in one-
dimensional array of 2R = 60 um-side square electrodes that
defines region 1, as illustrated in Fig. 4(a), where the black
line refers to e = 2 um width ablation line, d = 5 um, and
h =5 um. The electric quenching of the liquid crystal reor-
ientation in region 2 is inferred from the zero transmission
when the sample is image between crossed polarizers, either
linear [Fig. 4(b)] or circular [Fig. 4(c)]. The topological
strength of the localized umbilic is found to be s = +1 in all
cases. Indeed, the four-arm dark crosses in Fig. 4(b) indicate
|s| = 1 whereas co-rotation of the dark cross when rotating

, the effective

the crossed polarizers implies s > 0. We also note the pres-
ence of a squeezed umbilic with strength s = —1 in the nar-
row channel that connects the square pad to the bus line. On
the other hand, the dark spot in the center of each square in
Fig. 4(c) is reminiscent of the generation of an optical phase
singularity, here with topological charge ¢ = *2 since
q = s = +1, see Fig. 4(d) where the phase profile of the gen-
erated vortex field determined from spatially resolved polari-
metric analysis'® is shown.

The optical vortex generation efficiency 1 of a given
localized umbilic is measured at 532 nm wavelength accord-
ing to the setup depicted in Fig. 5(a) following the procedure
detailed in Ref. 13. Typical intensity and phase distribution
of the generated optical vortex with topological charge two
are shown in Figs. 5(b) and 5(c), respectively. The depend-
ence of 1 as a function of U, at fixed w/R = 1 is shown in
Fig. 5(d), which gives 7,,,, ~ 0.96 at U, ~ 3.0 whereas the
influence of w/R is shown in Fig. 5(e) l71 ~ 3.0. We note
that, strictly speaking, the data for  above w/R ~ 1 do not
correspond to a single defect since the beam thus overlaps
significantly with adjacent defects. A trade-off for optimal
efficiency while probing a single-defect, therefore, implies to
use a typical value w/R ~ 1/2, which qualitatively agree
with the predicted results, see Fig. 3(c).

The application potential of such arrays in terms of par-
allel processing of the optical orbital angular momentum
practically implies to have independently controlled micro-
scopic g-plates. Indeed, since the operating wavelength of a
single umbilic can be electrically tuned as shown in Ref. 13,
this would allow to achieve optimized efficiency for any set
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FIG. 4. (a) Patterned electrode design used in experiments. Umbilical
defects observed between crossed linear polarizers (under white light illumi
nation) and crossed circular polarizers (under 633 nm wavelength illumina
tion) at Uy ~3 and U, 25 Vyy,s are shown in panels (b) and (c),
respectively. (d) Phase profile of the generated vortex field with topological
charge two. Scale bar is 60 yum.
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FIG. 5. (a) Experimental set up for the measurement of the spin orbit conver
sion efficiency 7, where E:;‘ .+ refer to incident left/right handed circularly
polarized incident Gaussian field with beam waist radius wy 1.3 um. (b)
and (c) Typical intensity and phase spatial profiles of the output vortex field
E™. (d)nvsU;atUsy 25V and w/R 1, which gives 7, =~ 0.96 at
Uy ~3.0.(e)nvsw/RatU; ~3.0.
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FIG. 6. (a) Calculated discrete set of reduced voltage values U 511) that corre
spond to the pth peak value of the voltage dependent #, see Fig. 3(c). (b)
Corresponding values 5”). Thick parts of curves refer to the optimal behay
ior over the visible domain. Parameters: w/R ~ 0.69 and U, 0.

of optical channels with different wavelength over ultra-
broadband domain that is not accessible to a single element.
Although individual electrical tuning implies an appropriate
electrode design, our model allows us to evaluate the spectral
capabilities of the proposed micro-arrays. This is done in the
visible domain using w/R = 0.69 and U, = 0. The discrete
set of U 1” values that correspond to the pth peak value of 5
[see Fig. 3(c)] are shown in Fig. 6(a), whereas the corre-
sponding values #?) are shown in Fig. 6(b). In these figures,

the vertical dashed lines refer to cut-off values for local max-
ima of # and the optimal situation for every wavelength is
highlighted by thick parts of curves. An efficiency larger
than 85% is obtained over the visible domain.

To summarize, we have reported on the realization of ef-
ficient electrically tunable one-dimensional micro-arrays of
g-plates made of spontaneously formed liquid crystal topo-
logical defects. Extension to two-dimensional arrays can be
straightforwardly considered by appropriate electrode pat-
terning. The proposed self-engineered approach allows con-
sidering microscopic spin-orbit optical elements while
preserving efficient topological shaping ability. This opens
up the use of g-plates towards the hyperspectral management
of the orbital angular momentum of light.

We acknowledge DGA Contract No. 2011 60 083.
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