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Optical vortices have attracted significant interest due to
their distinctive topological properties and wide-ranging ap-
plications, including free-space communication, quantum
information, image analysis, and micromanipulation. Vortex
formation can arise from the interaction of light with struc-
tured or anisotropic media, including chiral systems. Among
the most effective platforms for generating optical vortex
beams are optical valves and liquid crystal cells, which lever-
age molecular self-organization to produce complex light
fields. We show, both experimentally and theoretically, that
illuminating an optical valve with a donut-shaped beam gen-
erates a vortex rosette, consisting of a low-amplitude central
vortex surrounded by a ring of interacting vortex—antivortex
pairs. This structure imparts a nontrivial topological charge
to the transmitted light, endowing it with novel characteris-
tics akin to those of a g-plate. To elucidate the origin of these
vortex rosettes, we derive an amplitude equation from first
principles, offering insight into the underlying mechanisms
driving their emergence. © 2026 Optica Publishing Group. All
rights, including for text and data mining (TDM), Atrtificial Intelligence
(Al) training, and similar technologies, are reserved.
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Since the dawn of time, humanity has been intrigued by the
behavior of light and its understanding. The advent of coher-
ent light sources, lasers, and the generation of monochromatic,
coherent, and directional beams has enabled a more profound
and comprehensive understanding of light and its interaction
with matter. The creation of light beams carrying orbital an-
gular momentum (OAM) has been highly relevant in applying
new functionalities of light [1], such as communications [2,3],
astronomical [4] and microscopic image processing [5,6], quan-
tum computing [6,7], orbital angular momentum lasers [8], and
manipulating micrometric particles [9—11]. It has also opened
fundamental questions about creating this beam type and its as-
sociated topological properties [12]. Various methods have been
proposed for optical vortex generation, including spiral phase
plates [13], diffractive elements [14,15], liquid crystal (LC) cells
with radial director orientation, q-plates [16], LC droplets [17],
and LC cells with umbilical defects [18] induced by magnetic
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fields and oscillatory electric fields [19,20]. Additionally, liquid
crystal light valves [21-23] have been explored for this purpose.
In most of these devices, a Gaussian beam is used as excita-
tion or illumination light, which induces a unique angular orbital
momentum in the light by transferring angular momentum.

Liquid crystal light valves (LCLVs) illuminated by a Gaus-
sian beam induce an umbilical defect in the liquid crystal layer
within the central illuminated region [23]. Near and below the
orientation transition, the light forcing sustains a broad vortex-
type defect in the liquid crystal layer, known as Rayleigh matter
vortex [24,25]. Note that this topological structure closely re-
sembles a Laguerre—Gaussian mode of a paraxial laser beam
with topological charge [ = +1. By modifying the illumination
geometry, new classes of optical topological structures can be
generated, opening pathways toward innovative applications of
vortex beams.

The aim of this Letter is to show that illuminating a liquid
crystal light valve with a donut-shaped beam induces optical
vortex rosette (VROS) (see Fig. 1). These configurations arise
from stable configurations of matter vortices on the illuminated
region of the LCLV. These configurations consist of a central
Rayleigh vortex surrounded by pairs of opposite vortices in equi-
librium. These VROS increase the number of generated optical
vortices, acting as a novel g-plate element. We experimentally
demonstrate different VROS based on an optically driven LCLV
with a transmission configuration and homeotropic anchoring.
Figure 1 shows different configurations of induced vortices in
matter. The total topological charge of the liquid crystal coupled
vortices is one. To account for the VROS, near the reorientation
instability of the liquid crystal, the system is described by the
real Ginzburg-Landau equation with topological forcing [23].
Numerical simulations of the amplitude equation find excellent
agreement with experimental observations.

The experimental setup for VROS generation is illustrated
in Fig. 1(b), which consists of a liquid crystal light valve il-
luminated with a donut-shaped intensity profile. This intensity
profile I, is achieved by applying a donut-shaped mask o
(r/w)2e™” 2/ “’2, closely resembling the transverse structure of a
Laguerre-Gauss beam, thanks to the use of a spatial light modu-
lator (SLM). This beam is equivalent to an OAM-carrying beam
profile. For the intensity profile, a diode-pumped solid-state
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Fig. 1. Experimental setup for vortex rosette (VROS) in Liquid
Crystal Light Valve (LCLV). (a) Schematic illustration of VROS in-
duction. The upper green beam accounts for the incident light beam
with a donut-shaped intensity profile without topological charge. (b)
Schematic representation of experimental setup, where DPSS is a
diode-pumped solid-state laser, L and M account for the lenses and
mirrors considered, SLM is a spatial light modulator, P and A are
the cross-polarizers, V,, is the driven voltage, [, is the light inten-
sity applied to LCLV, Obj stands for a microscope objective with a
magnification of x10, and CMOS is a complementary metal-oxide-
semiconductor camera. The setup incorporates a Mach—Zehnder
modified interferometer for circularly polarized light, where QWP
are quarter-waveplates at +45° to linear into circular polarization,
and vice versa. (c) Snapshots of experimental VROS at V, =18
Vrms at 200 Hz, and I, =8 mW/cm?2. VROS of (c(i)) single, (c(ii))
triad, and (c(iii)) quintet charges.

laser with wavelength 1y =532 nm, and TEM 00 light mode
is employed. The beam is expanded by a microscope objective
with a magnification of x10, to control the beam shape with
a spatial light modulator (SLM, LC 2012 Spatial Light Modu-
lator Holoeye, transmission). This SLM is based on a twisted
nematic liquid crystal display, which generates a simple phase
modulation and a coupled polarization effect, resulting in am-
plitude modulation. The LCLYV is situated between two crossed
linear polarizers, enabling the observation of the polarization re-
orientation caused by the matter vortex. The vortex induction
is monitored by a complementary metal-oxide-semiconductor
(CMOS) camera.

To study the light-matter interaction, we implemented a
crossed circular polarizer configuration by adding two quarter-
wave plates to the setup: the first oriented at 45° to the input
polarizer and the second with its fast axis perpendicular to the
first. A modified Mach—Zehnder interferometer with a slight
beam tilt produces a vertical interference fringe pattern.

The LCLV (provided by HOASYS) is composed of a nematic
liquid crystal thin film (MLC 6608 Merck, elastic constants K| =
16.7pN, K, =7.3 pN, K5 = 18.1 pN) deposited between two par-
allel glass plates, with a thickness of d = 15 um. Two transparent
conductive indium tin oxide (ITO) films and a transparent photo-
conductive slab of Bi;,SiO,, (BSO) are included in the plates.
The photoconductive slab has dimensions of 25 x 25 mm? and
a thickness of 1 mm. The internal surfaces present homeotropic
anchoring for the liquid crystal molecules, so that the nematic
director is orthogonal to the confinement walls. The liquid crys-
tal has a negative dielectric anisotropy €, =€, — ¢, =3.6¢, —
7.8¢,=-4.2 ¢,, where ¢ and ¢, are the dielectric susceptibil-
ities for the parallel and orthogonal electric fields, respectively.
By applying a perpendicular external electric field E = -V,)/d
Z in the LCLYV, the competition between the elastic restitu-
tion forces and the external electric torque establishes a critical
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Fig. 2. Donut-shaped intensity profile effects on LCLV: (a) shows
the experimental radial average intensity profile of the light beam
induced in the LCLV. The red curve shows the average inten-
sity profile, and the black dashed curve shows the experimental
fit, Ayr? exp(—r?/w3), with Ay =25.41 mm~2, and w,=0.3159
mm. (b) The experimental intensity profile for I, = 8.02 mW/cm?.
(c) The numerical solution of the equipotential surfaces of the
Laplace equation in an anisotropic medium under the boundary con-
ditions: ®(x,y,z=0)=0, ®(x,y,z=40) = (r/w)? exp(-r?/w?) +
0.1, with w =125. (d.i) Transverse and (d.ii) longitudinal cross-
section of the electric potential solution to the Laplace equation.
The white arrows represent the normalized electric field associated
with the potential.

threshold for the electric field that induces a molecular reori-
entation, called Fréedericksz transition [FT1933], where vortex
defects are generated in the liquid crystal system [23]. Notice
an oscillating voltage V(, Vrms is applied to the LCLV through
the ITO films at a frequency f = 200 Hz. Due to the light-matter
interaction, these liquid crystal matter vortices generate optical
vortices in a light beam [21].

The photosensitive wall of the LCLV (BSO slab) generates
charge movements when illuminated, inducing a localized, non-
homogeneous voltage that is proportional to the light intensity
at low values. Namely, the applied voltage to the liquid crys-
tal layer takes the form V=TV, +al,, 0<T <1 is a transfer
factor that depends on the electrical impedances of the photo-
conductor and liquid crystals layer, and « is a phenomenological
dimensional parameter that describes the linear response of the
photoconductor (a ~ 4).

When the valve is illuminated with a donut-shaped light beam
(see Fig. 2(b)), an extra voltage is induced of the form, V; =
al(r) = aAr?e 129 where r = Jx2 + y? is the radial transver-
sal coordinate. Figure 2(a) shows a comparison with the pre-
vious voltage V; and the experimentally observed light profile,
demonstrating a good agreement. To shed light on the voltage
inside ®(x,y,z), the liquid crystal cell, we solve the Laplace
equation with appropriate boundary conditions. Figure 2 shows
the obtained voltage. From this chart, one can infer that the ¢
voltage has a semi-donut shape with different layers.

The inferred electric field E=—-V® is shown in Fig. 2(d),
where a vortex in the electric field is observed at the center
of the illuminated ring region. Note that the electric field is
vertical in the ring. At the center of the illuminated ring, a
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small-amplitude matter vortex is sustained by topological forc-
ing (Rayleigh vortex) surrounded by a ring that appears on the
liquid crystal sample [see Fig. 1(c(i))]. Unexpectedly, when the
intensity of the donut-shaped beam I, approaches 8 mW/cm?,
the region associated with the vertical electric field becomes
unstable. This instability leads to the spontaneous formation
of coupled matter vortex—antivortex pairs, which interact both
with each other and with the central vortex, giving rise to stable
VROS configurations. Depending on the generation protocol,
three configurations are observed. The single VROS, obtained
by gradually increasing the beam waist to wg=0.315 mm. A
VROS composed of three charges formed at Vj =18 Vrms by
switching on the beam, where a vortex—antivortex pair nucleates
at antipodal ring positions, as a consequence of their interac-
tion [Fig. 1(c(ii))]. A similar vortex structure has been reported
for liquid crystals under the effect of a homogeneous electric
field and a magnetic field of a ring magnet [20]. Also, a higher-
order state, including a stable VROS with five charges, was
obtained by increasing the voltage from zero to Vj, = 18 Vrms
[Fig. 1(c(vi))]. Videos illustrating the formation and stability of
these VROS are provided in Visualization 1 [26].

In short, liquid crystal light valves illuminated with donut-
shaped light induce different VROS.

To analyze the optical implications, let us now consider a cir-
cularly polarized incident plane wave E, = I, (r )&, e kz=@1,
where &, = (1,i0) is the circular polarization vector in a fixed
reference frame, and o = +1 is the helicity. LCLV is a lig-
uid crystal cell with homotropic anchoring, which alters the
polarization of light by means of the operator [27-30]:

—i% 0
LA R - ) 1
R IR

W($,0) = e ®onR(g) (e
where ¢, 6 are the azimuthal and vertical an-
gles, respectively, R(¢) is the rotation matrix,
A= Qan,d/2) f) (eos 0, + (ny/n,)” sin® 0, + 1) dz
is the phase retard induced by the birefringence media, and
® 4y, = A, /2, is the global dynamical phase. When a circularly
polarized light beam is incident, the resulting output beam,
after filtering the initial helicity through cross polarization
is B, = Io(r))sin(A_/2)e  Pame5 o208 olthimwn,
Notice the angle ¢ induces a Pancharatnam-Berry geometric
phase, &5 =20¢ [31,32]. When molecules form a matter
vortex texture, the system acts as a g-plate element. In the
case of VROS, it allows us to induce multiple vortices in
a donut-shaped light beam. By fringe interferometry, using
the Hilbert transform method to transform the interference
pattern into a complex field, we can estimate the geometric
phase induced on the light. Figure 3 shows the experimental
estimations.

The behavior of liquid crystals is characterized by the di-
rection vector n, which represents the average orientation
of the molecules. The evolution of the director is charac-
terized by the minimization of the Frank-Oseen free en-
ergy, in which is included the effect of electrical energy
and the constant norm constraint of the director |n|=1
[27-29]. Close to reorientational instability, by the ansatz n=
[Xsin (7z/d), Ysin (7z/d), 1-(X>+Y?) sinz(frz/d)/Z] +W
(X,Y), where X and Y are scalar fields that represent the projec-
tion of the director onto the horizontal plane and W is a small
nonlinear correction vector field.
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Fig. 3. Experimental results of optical vortex induction by lig-
uid crystal VROS for V,, =18 Vrms at f, =200 Hz, and 1, =8.07
mW/cm?. (a) Experimental VROS observed through crossed linear
polarizers. (b) Binarized and smoothed vertical interference fringe
pattern of experimental measurements using positive helicity cir-
cular polarization. (c) Experimental estimation of geometric phase
induced by LCLV using the Hilbert transform method. (i), (ii), and
(iii) account for different VROS: single, triad, and quintet vortex,
respectively.

By introducing the above ansatz into the director equation,
linearizing in W, and imposing a solvability condition after
straightforward calculations, one obtains the dimensionless real
Ginzburg-Landau type equation with topological forcing [25]:

0.A=(po+pI(r) A=IAPA+V?A+80,,A-f(r)e?,
(2)

where A= (X+iY)/|[72(3K; —2K;) —3¢,V3] /42 is
the complex amplitude, pq= —K3(7T/d)2 - ean/d2 and
iy = 2€,aVy/d? are the homogeneous and spatial bifurcation
parameters, respectively, § = (K; —K,)/(K; +K,) accounts
for elastic anisotropy, f(r) = € ,2dE, (r)E_(r)/zm = fodI (r) /dr
is the light forcing, and space and time are dimensionalized
appropriately. A detailed derivation of Eq. (2) from first princi-
ples is presented in Ref. [25]. A similar amplitude equation with
complex coeflicients has been derived for a nonlinear optical
cavity pumped by an orbital angular momentum beam [33].
Figure 4 shows the numerical simulations of Eq. (2) forced
with a donut-shaped intensity 1(r) = Arler/2e?,

Numerical simulations were performed using a triangular fi-
nite element code with adaptive spatial and temporal discretiza-
tion, based on a second-order implicit backward differentiation
method. The simulations were conducted within a computa-
tional domain of size 1001 x 1001. To compare these simula-
tions with linear optical polarization microscopy, we defined the
polarization field ¥ = |Re{A}Im{A}| [see Fig. 4(b)]. For low in-
tensities, the donut-shaped intensity profile induces a Rayleigh
vortex with a singularity at its center, and its phase cut wraps
around the ring [cf. Fig. 4(c(i))].
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Fig. 4. Numerical simulations of the amplitude Eq. (2) for w =
250, 1y =-0.2, § =0.4, and f, =3 ,. (a) Phase excess present in
single vortex: (i) and (ii) are the phase in the complex field and the
geometrical phase induced in light, respectively. (b), (c), and (d) are
the polarization (¥) and phase of the complex field and the phase
induced on the light, respectively. (i), (ii), and (iii) account for single
(g =0.15), triplet (z, =0.2), and quintet (z; =0.25) of vortices,
respectively.

For the Rayleigh vortex, we can separate the phase singu-
larity from the total phase, observing a s phase excess in a
region close to the position of the central phase singularity [see
Fig. 4(a(i))]. This inhomogeneous phase excess in the liquid
crystal system is transformed into an inhomogeneous geometric
phase induced in the light, as seen in Fig. 4(a(ii)).

For large intensities, the solutions generate a triad vortex,
composed of Rayleigh vortices encircled by a single pair of stan-
dard coupled vortex-antivortex. Figures 4(b(ii)), 4(c(ii)), and
4(d(ii)) show the polarization field, the phase in the liquid crystal
system, and the geometric phase of the light, respectively. In-
creasing the forcing and using a larger number of vortices as the
initial conditions reveals new equilibrium states among the vor-
tices. For instance, in Figs. 4(b(iii)), 4(c(iii)), and 4(d(iii)), we
identify a quintet of vortices and their respective phase in mat-
ter and light. Note that our numerical observations qualitatively
align well with the configurations observed experimentally.

In summary, our experimental and theoretical results demon-
strate that illuminating an optical valve with a vortex beam leads
to the formation of optical vortex rosettes. These states feature
a central Rayleigh vortex surrounded by multiple pairs of op-
positely charged vortices in equilibrium. To elucidate the origin
of these vortex rosettes, we derived an amplitude equation from
first principles. Our findings suggest that light beams with donut-
shaped profiles that could present topological properties, such as
OAM beams, can create unexpected bound states of phase sin-
gularities in soft matter. These states, in turn, induce a nontrivial
increase in topological defects and generate spatially inhomo-
geneous geometric phases, thereby opening a new pathway for
optical vortex generation.
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