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Abstract
Perfect vortices, recognized for their distinct ring profile that remains independent of the topological charge, present
significant challenges in generation due to the precise control needed over both phase and polarization. In this work,
we introduce and validate a new approach for generating these beams, allowing the selection of different azimuthally-
variant phase gradients and vector states, thereby enabling full control over the phase and polarization patterns of
perfect vortices. Using dual-functional silicon metaoptics, we achieve the compact generation of a novel class of
perfect vortices, termed azimuthally-variant perfect vector beams. The optical characterization of the generated
beams, performed through a filtering method, confirms their intrinsic azimuthally-variant vectorial nature. These
beams exhibit unique properties that promise valuable applications in optical tweezing, the manipulation of low-
refractive-index particles, the trapping of cold atoms, and high-capacity communications.

Introduction
Since Coullet et al. introduced the concept of optical

vortices in 19891, the domain of structured light2 has
enhanced the understanding of various optical phenom-
ena and prompted significant advancements in numerous
fields, in addition to the increased versatility and inte-
gration in light manipulation technologies3.
Actually, the capability to engineer optical beams has

progressed along two complementary directions. On the
one side, the development of sophisticated tools and
theoretical models aimed at precisely controlling the
spatial configuration of various degrees of freedom within
the beam, including amplitude, phase, polarization, and
orbital angular momentum (OAM)4. In parallel, research
has focused on the advancement of cutting-edge optical
elements, characterized by progressively higher levels of
integration and increased functional density, designed to

leverage the properties of complex light and pursue
integration into existing optical and photonic platforms5.
Over the past few decades, beams carrying orbital

angular momentum have emerged as a paradigmatic
example of this synergy, exemplifying the profound
interplay between our advancing understanding of light
fundamental properties and the concurrent development
of innovative optical technologies.
Indeed, despite marking disruptive advancements in

multiple disciplines, from life science to information and
communication technology6–11, the intensity distributions
of standard OAM beams, such as Bessel12, Kummer13,
and Laguerre-Gaussian14 were intrinsically related to their
twisting phase structure, limiting the full exploitation in
trapping and spatial division multiplexing15,16.
To address this challenge, Ostrovsky et al.17 first

introduced the concept of perfect vortices, showing the
possibility of encoding any azimuthal phase onto a fixed
intensity ring having the desired radius and width, via the
Fourier transform of axicon and spiral phase plate con-
tributions18. Concurrently, the control over polarization
ignited further the field, showing the potentiality of its
combination with orbital angular momentum19,20 in
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The generated beams have an overall topological charge
arising from the azimuthally-variant phase gradient that
can be exploited also for the design and generation of
vector beams distribution as a result of non-separable
combinations of polarization states and spatial modes
(refs. 19,44) (see Supplementary Material).
Dual-functional metalenses (DFMLs), capable of inde-

pendently manipulating orthogonal circularly polarized
beams, are well-suited for generating vector beams (see
Supplementary Material) when illuminated by a linearly
polarized beam. The relative Jones vector is given by:

J jθi ¼ uðrÞ e
iθeiΦ

� jLi þ e�iθeiΦ
þ jRiffiffiffi

2
p ð3Þ

where u(r) is the amplitude term unrelated to the topological
charge and polarization handedness, |L〉 and |R〉 represent
the Jones vector of left-handed and right-handed circularly
polarized components, θ is the angle of the illuminating
linearly polarized beam, and Φ± are the phase delays
imparted to the two orthogonal circular components. By
substituting the phase pattern of Eqs. (1, 2) in the DFMLs
paradigm (Eq. 3), it turns out that the output beam is
endowed with a spatially variable polarization pattern θ0 ¼
θ � jΦ±

m;‘0;‘1
j over the intensity distribution u(r) which is

purely modulated by the

impinging beam, Φaxicon, and Φlens. At the focal length

uðrÞ ¼ e�ðr�ρ0
dρ0

Þ2 where ρ0 ¼ αf
k and dρ0 ¼ 2f

kw0

40. If the phase

pattern Φ±
m;‘0;‘1

were flipped in the design, the resulting

polarization pattern would be symmetric θ0 ¼ θþ
jΦ±

m;‘0;‘1
j but the intensity distribution would remain

unchanged28. By expanding jΦ±
m;‘0;‘1

j, the distribution of
the polarization pattern along the intensity can be split
into two distinct components: one that remains constant
with respect to the azimuthal angle (θ00) and another that
varies azimuthally (θ0ϕ):

θ0 ¼ θ00 þ θ0ϕ

¼ θ �P
m

j¼1
ð�1ÞHj

C ½þð‘0 þ Hj
G‘1Þ�

 !

þ Pm
j¼1

ð�1ÞHj
C ½þð�1ÞHj

Gð‘1 � ‘0Þβðm � ϕÞ�
 !

ð4Þ

In general, when illuminated with linearly polarized
light, it is possible to generate a non-separable combina-
tion of polarization and spatial modes, leading to a non-
uniform polarization pattern (see Fig. 1).
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Fig. 1 Schematic representation of the AV-PVB generation. When the designed metasurface is illuminated by a linearly polarized Gaussian beam, an
AV-PVB is formed at the focal plane, with its phase and polarization characteristics determined by the metasurface design. The perfect vortex is generated by
leveraging the bifunctionality of the metaoptics, which imparts distinct phase patterns based on the spin of the circularly polarized light in input. By adjusting
the polarization angle of the incoming linearly polarized Gaussian beam using a half-wave plate, the polarization pattern at the focal plane can be modified,
as shown by the variations in the blue and green patterns (representing the x- and y-components of the electric field, respectively). Introducing a rotating
linear polarizer after the metasurface (whose principal axis is directed along the direction of the white arrows in the second row) enables the creation of a
multi-spot configuration, with spot sizes and rotation velocities or directions that vary according to the polarization pattern
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imaging21, lithography,22, rotation-invariant systems23,
and high-dimensional quantum communications24,25.
Although the concept of vectoriality is theoretically

applicable to any structured beam26, achieving a non-
separable combination of spin and orbital angular
momenta presented significant challenges when using
conventional optics. Such combinations typically required
complex setups involving multiple optical elements or
interferometric architectures27, limiting their practical
implementation and widespread adoption. Introducing
unprecedented manipulation of light at the sub-
wavelength scale, metasurfaces enabled the combined
control of phase and polarization into the same platform,
providing a key enabling technology for the compact
generation of vector beams in many areas such as optical
communications, quantum optics, and biomedical ima-
ging. Moreover, this accelerated further the progress in
OAM-beam shaping and applications. While the possi-
bility to generate multiple rings with different vorticity28

extended the applications to information technology29–33

and trapping of low refractive index particles34,35, a first
attempt to go beyond the standard azimuthal phase was
done by uploading multiple topological charges via graf-
ted phase design36–38. Nevertheless, the approach does
not allow for complete control point-by-point of the
phase and polarization along the ring.
In this work, we demonstrate for the first time the

generation of a new class of beams offering complete
control over both phase and polarization through
arbitrary azimuthal functions. These beams called
azimuthally-variant perfect vector beams (AV-PVBs),
enable compression or stretching of phase and polar-
ization based on predefined functions embedded dur-
ing design. Dual-functional metasurfaces become
essential to provide the polarization-sensitive phase
shaping required for the spin-decoupled manipulation
of an input linearly polarized beam, encoding distinct
phase patterns onto circularly polarized components39.
This approach generates non-separable combinations
of spin and orbital angular momentum using a single
optical element, while simultaneously imparting the
polarization-insensitive phase pattern for the desired
vortex beam following any azimuthally variant phase
distribution. The designed optical elements are rea-
lized using optimized nanofabrication techniques on a
silicon substrate, enabling precise replication of the
meta-atoms at the nanoscale and accurate generation
of the phase map profile. Optical characterizations
confirm the capability to generate rings with
continuously-variant arbitrary phase profiles and
polarization patterns, suggesting novel and smart
optical elements for beam shaping and light control
with unprecedented levels of compactness and
integrability.

Results
Theory
In recent years, the focus of Orbital Angular Momen-

tum (OAM) beam generation has shifted towards perfect
vortices, which offers the advantage of a customizable ring
structure that remains independent of the OAM they
carry. These perfect vortices can be generated by illumi-
nating a spiral axicon with a Gaussian beam, effectively
representing the Fourier transform of a high-order Bessel-
Gaussian beam, as detailed in studies like17,18.
Metasurfaces consolidate the functions of several bulky

optical elements into a single, flat optic, offering an advanced
design strategy by discretizing and layering distinct phase
profiles onto one metasurface. The design of a metalens that
enables the generation of perfect vortices with opposite
orbital angular momentum at a designated focal plane is
determined by a single phase map, which can be represented
as the sum of multiple contributions, as follows40:

Φ± ¼ Φ± ‘ þΦaxicon þΦlens ð1Þ

Here, Φ± ‘ ¼ ± ‘φ represents the Orbital Angular
Momentum (OAM) which, with a staircase phase profile,
transfers ± ‘ units of ℏ per photon41. Φaxicon ¼ �αr
describes the phase profile associated with the axicon,

while Φlens ¼ �k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr2 þ f 2Þ

q
� f

� �
providing the geo-

metrically aberration-free focusing phase profile, where f
is the focal length and k ¼ 2π=λ is the wavenumber42,43.
In the focal plane of the metalens, an OAM beam is

produced, characterized by a ring-shaped intensity profile
whose radius and width depend on the waist of the input
beam (w0), the wavenumber (k), and the lens and axicon
parameters (α and f)40.
To enable the generation of azimuthally-variant phase

delays, allowing precise control over phase and polariza-
tion patterns along the ring, the momentum-dependent
term Φ± ‘ is extended to a new phase term Φm;‘0;‘1 , which
governs the azimuthally-variant phase gradient:

Φ ±
m;‘0;‘1

¼
Xm
j¼1

ð�1ÞHj
C ½± ð‘0 þHj

G‘1Þ± ð�1ÞHj
Gð‘1 � ‘0Þβðm � ϕÞ�ϕ ð2Þ

where j 2πm <ϕ< ðj� 1Þ 2πm 8j ¼ 1; :::;m, βð�Þ is the function
that imparts the azimuthally variant phase gradient, m
represents how many parts of the ring we decide to encode
this variation, ℓ0 is the background topological charge, ℓ1 is a
parameter that is responsible for both the amplitude of the
phase gradient along one of the m sectors and of the overall
topological charge of the beam. In this equation, we have to
satisfy the condition ℓ0 < ℓ1. The two Heaviside functions HG

and HC enable, respectively, the inversion of the azimuthal
gradient sign and the inversion of the topological charge sign
in each j-th sector.
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where u(r) is the amplitude term unrelated to the topological
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polarized components, θ is the angle of the illuminating
linearly polarized beam, and Φ± are the phase delays
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In general, when illuminated with linearly polarized
light, it is possible to generate a non-separable combina-
tion of polarization and spatial modes, leading to a non-
uniform polarization pattern (see Fig. 1).
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Fig. 1 Schematic representation of the AV-PVB generation. When the designed metasurface is illuminated by a linearly polarized Gaussian beam, an
AV-PVB is formed at the focal plane, with its phase and polarization characteristics determined by the metasurface design. The perfect vortex is generated by
leveraging the bifunctionality of the metaoptics, which imparts distinct phase patterns based on the spin of the circularly polarized light in input. By adjusting
the polarization angle of the incoming linearly polarized Gaussian beam using a half-wave plate, the polarization pattern at the focal plane can be modified,
as shown by the variations in the blue and green patterns (representing the x- and y-components of the electric field, respectively). Introducing a rotating
linear polarizer after the metasurface (whose principal axis is directed along the direction of the white arrows in the second row) enables the creation of a
multi-spot configuration, with spot sizes and rotation velocities or directions that vary according to the polarization pattern
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imaging21, lithography,22, rotation-invariant systems23,
and high-dimensional quantum communications24,25.
Although the concept of vectoriality is theoretically

applicable to any structured beam26, achieving a non-
separable combination of spin and orbital angular
momenta presented significant challenges when using
conventional optics. Such combinations typically required
complex setups involving multiple optical elements or
interferometric architectures27, limiting their practical
implementation and widespread adoption. Introducing
unprecedented manipulation of light at the sub-
wavelength scale, metasurfaces enabled the combined
control of phase and polarization into the same platform,
providing a key enabling technology for the compact
generation of vector beams in many areas such as optical
communications, quantum optics, and biomedical ima-
ging. Moreover, this accelerated further the progress in
OAM-beam shaping and applications. While the possi-
bility to generate multiple rings with different vorticity28

extended the applications to information technology29–33

and trapping of low refractive index particles34,35, a first
attempt to go beyond the standard azimuthal phase was
done by uploading multiple topological charges via graf-
ted phase design36–38. Nevertheless, the approach does
not allow for complete control point-by-point of the
phase and polarization along the ring.
In this work, we demonstrate for the first time the

generation of a new class of beams offering complete
control over both phase and polarization through
arbitrary azimuthal functions. These beams called
azimuthally-variant perfect vector beams (AV-PVBs),
enable compression or stretching of phase and polar-
ization based on predefined functions embedded dur-
ing design. Dual-functional metasurfaces become
essential to provide the polarization-sensitive phase
shaping required for the spin-decoupled manipulation
of an input linearly polarized beam, encoding distinct
phase patterns onto circularly polarized components39.
This approach generates non-separable combinations
of spin and orbital angular momentum using a single
optical element, while simultaneously imparting the
polarization-insensitive phase pattern for the desired
vortex beam following any azimuthally variant phase
distribution. The designed optical elements are rea-
lized using optimized nanofabrication techniques on a
silicon substrate, enabling precise replication of the
meta-atoms at the nanoscale and accurate generation
of the phase map profile. Optical characterizations
confirm the capability to generate rings with
continuously-variant arbitrary phase profiles and
polarization patterns, suggesting novel and smart
optical elements for beam shaping and light control
with unprecedented levels of compactness and
integrability.

Results
Theory
In recent years, the focus of Orbital Angular Momen-

tum (OAM) beam generation has shifted towards perfect
vortices, which offers the advantage of a customizable ring
structure that remains independent of the OAM they
carry. These perfect vortices can be generated by illumi-
nating a spiral axicon with a Gaussian beam, effectively
representing the Fourier transform of a high-order Bessel-
Gaussian beam, as detailed in studies like17,18.
Metasurfaces consolidate the functions of several bulky

optical elements into a single, flat optic, offering an advanced
design strategy by discretizing and layering distinct phase
profiles onto one metasurface. The design of a metalens that
enables the generation of perfect vortices with opposite
orbital angular momentum at a designated focal plane is
determined by a single phase map, which can be represented
as the sum of multiple contributions, as follows40:

Φ± ¼ Φ± ‘ þΦaxicon þΦlens ð1Þ

Here, Φ± ‘ ¼ ± ‘φ represents the Orbital Angular
Momentum (OAM) which, with a staircase phase profile,
transfers ± ‘ units of ℏ per photon41. Φaxicon ¼ �αr
describes the phase profile associated with the axicon,

while Φlens ¼ �k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr2 þ f 2Þ

q
� f

� �
providing the geo-

metrically aberration-free focusing phase profile, where f
is the focal length and k ¼ 2π=λ is the wavenumber42,43.
In the focal plane of the metalens, an OAM beam is

produced, characterized by a ring-shaped intensity profile
whose radius and width depend on the waist of the input
beam (w0), the wavenumber (k), and the lens and axicon
parameters (α and f)40.
To enable the generation of azimuthally-variant phase

delays, allowing precise control over phase and polariza-
tion patterns along the ring, the momentum-dependent
term Φ± ‘ is extended to a new phase term Φm;‘0;‘1 , which
governs the azimuthally-variant phase gradient:

Φ ±
m;‘0;‘1

¼
Xm
j¼1

ð�1ÞHj
C ½± ð‘0 þHj

G‘1Þ± ð�1ÞHj
Gð‘1 � ‘0Þβðm � ϕÞ�ϕ ð2Þ

where j 2πm <ϕ< ðj� 1Þ 2πm 8j ¼ 1; :::;m, βð�Þ is the function
that imparts the azimuthally variant phase gradient, m
represents how many parts of the ring we decide to encode
this variation, ℓ0 is the background topological charge, ℓ1 is a
parameter that is responsible for both the amplitude of the
phase gradient along one of the m sectors and of the overall
topological charge of the beam. In this equation, we have to
satisfy the condition ℓ0 < ℓ1. The two Heaviside functions HG

and HC enable, respectively, the inversion of the azimuthal
gradient sign and the inversion of the topological charge sign
in each j-th sector.
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phases of the metaoptics. Simulation of the optical response of the metaoptics under the illumination of a Gaussian beam left-handed (c) and right-handed (d)
circularly polarized. Simulated (e) and measured (f) intensity of the vector beam before (e1, f1) and after linear polarization filtering (e2–e5, f2–f5). The azimuthal
phase gradient generates an azimuthal variation of the electric field’s amplitude components (Ex and Ey) along the ring (e1). Inserting a rotating linear polarizer at
different angles, the measured spot size variation (f2–f5) is compared to the simulation (e2–e5). The vortex (antivortex) state of the inner (outer) ring generates
an anticlockwise (clockwise) rotation. Comparison between theory and simulations of the azimuthal intensity profile after filtering for both rings (g) when ϑ= π/2

Vogliardi et al. Light: Science & Applications ���������(2025)�14:183� Page 5 of 12

An extension of the paradigm can be the generation of
multiple non-overlapping azimuthally-variant perfect
vector beams with equalized intensities but with different
characteristics, i.e., number of rings, polarization states,
and topological charges, by introducing the multiple-
axicon equation for the phase patterns Φ±28:

Φ± ¼ arg
XN
nr¼1

Anr � eiΦ±
nr

 !
ð5Þ

where nr= 1,…, N (being N is the number of rings), Anr

are the different weights for each perfect vortex, and Φ±
nr

is the azimuthally variant phase for each ring. Thus, by
imposing the same focal length but different spatial
frequencies for the N axicon terms αnr, the distance
between the intensity rings can be tuned, allowing the
generation of multiple concentric rings, each with their
proper polarization and topological variant distribution.
To determine the orbital angular momentum of our
vortex beams, we calculated the topological charge (Q) by
integrating the beam’s phase along a closed path around
the central singularity41:

ð6Þ

where Φm;‘0;‘1 is the only term contributing to the
topological charge, as the axicon and lens terms have
circular symmetry and do not affect the result. In the
simplest scenario of a simple perfect vortex, where m= 1,
HC

1=HG
1= 0, and β(m·φ)= C (a constant), the topolo-

gical charge reduces to Q= C(ℓ1− ℓ0)− ℓ0, and corre-
sponds to the number of 0-to-2π phase steps, while the
helicity is determined by the direction of the phase
gradient. When β(m · φ) is a function of φ and m > 1, the
solution becomes not trivial and leads to interesting cases
such as generating vector beams from two beams in
orthogonal polarization states having null topological
charge as reported below and more detailed in Supple-
mentary Material.

Metaoptics encoding linear phase gradients
In order to validate our design approach, we initially

designed five distinct optical elements with varying con-
figurations, all encoding linear phase gradients based on
the simplest phase gradient function, that is βð�Þ ¼ φ

2π.
The first optical element in this set generates two rings

(Fig. 2), both exhibiting the same phase gradient over a
single sector, transitioning from ℓ0= 0 to ℓ1= 7. The
dynamic and geometric phases were designed to create
opposite vortex states, which display inverse phase gra-
dients and phases when illuminated by Gaussian beams
with left- and right-handed circular polarizations. The
topological charges of circular components are ±7, which

are appreciable from the seven phase jumps in Fig. 2c, d,
resulting in a vector beam of order 7. The vectorial nature
of the beams is revealed through a rotating linear polar-
izer, producing azimuthally distributed spots that rotate in
opposite directions depending on the polarization hand-
edness. The |2ℓ1| spots vary in size, proportional to the
phase gradient.
Three additional optical elements were designed and

fabricated to explore other configurations (Supplementary
Material), changing the number of sectors, topological
charges, and vectorial states once at a time. In particular,
we elucidated how to generate vectorial states from a
beam that has no overall topological charge by tuning the
design parameters. Moreover, we showed how to produce
hybrid-order vector beams using the same paradigm
(Supplementary Material).
In the fifth optics, the vortex and antivortex states were

alternately encoded in the inner and outer rings, with
gradient inversions applied across four sectors of the
double rings, and topological charges set to ℓ0= 5 and
ℓ1= 10 in both rings (Fig. 3). The observed phase gradient
and sign inversions under circularly polarized illumina-
tion, together with the polarization pattern generated in
the vertically polarized light simulation, show that the
circular components do not carry an overall topological
charge, but the vector beam of order ℓ1 is correctly gen-
erated. The experimental results closely match the theo-
retical predictions, as shown by the azimuthal intensity
profile after filtering. Experimental videos also demon-
strate the evolution of the vector beam as the analyzer
rotates.
Lastly, the behavior of a metaoptic designed to generate

three concentric rings (N= 3), each featuring distinct
azimuthally-varying linear phase gradients divided into
different sectors with unique intrinsic vectorial states, is
discussed in Supplementary Material. The structured
beam was also generated under horizontally polarized
light, confirming the inversion of the vectorial state in
each sector.

Non-linear phase gradient functions
This section investigates the topological vector beam

distribution generated by a non-linear phase gradient
function, presenting two additional metaoptics. For sim-
plicity, the design consists of a single ring and a single
sector without phase gradient inversion and topological
charge inversion.
The first metasurface employs an exponential azimuthal

phase gradient, βð�Þ ¼ expðA� φ2πÞ
expðAÞ where A is a constant that

controls the variation of the exponential gradient and
1

expðAÞ is a normalization factor. Selecting ℓ0= 0 and ℓ1= 3,

the two generated orthogonal circularly polarized
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An extension of the paradigm can be the generation of
multiple non-overlapping azimuthally-variant perfect
vector beams with equalized intensities but with different
characteristics, i.e., number of rings, polarization states,
and topological charges, by introducing the multiple-
axicon equation for the phase patterns Φ±28:

Φ± ¼ arg
XN
nr¼1

Anr � eiΦ±
nr

 !
ð5Þ

where nr= 1,…, N (being N is the number of rings), Anr

are the different weights for each perfect vortex, and Φ±
nr

is the azimuthally variant phase for each ring. Thus, by
imposing the same focal length but different spatial
frequencies for the N axicon terms αnr, the distance
between the intensity rings can be tuned, allowing the
generation of multiple concentric rings, each with their
proper polarization and topological variant distribution.
To determine the orbital angular momentum of our
vortex beams, we calculated the topological charge (Q) by
integrating the beam’s phase along a closed path around
the central singularity41:

ð6Þ

where Φm;‘0;‘1 is the only term contributing to the
topological charge, as the axicon and lens terms have
circular symmetry and do not affect the result. In the
simplest scenario of a simple perfect vortex, where m= 1,
HC

1=HG
1= 0, and β(m·φ)= C (a constant), the topolo-

gical charge reduces to Q= C(ℓ1− ℓ0)− ℓ0, and corre-
sponds to the number of 0-to-2π phase steps, while the
helicity is determined by the direction of the phase
gradient. When β(m · φ) is a function of φ and m > 1, the
solution becomes not trivial and leads to interesting cases
such as generating vector beams from two beams in
orthogonal polarization states having null topological
charge as reported below and more detailed in Supple-
mentary Material.

Metaoptics encoding linear phase gradients
In order to validate our design approach, we initially

designed five distinct optical elements with varying con-
figurations, all encoding linear phase gradients based on
the simplest phase gradient function, that is βð�Þ ¼ φ

2π.
The first optical element in this set generates two rings

(Fig. 2), both exhibiting the same phase gradient over a
single sector, transitioning from ℓ0= 0 to ℓ1= 7. The
dynamic and geometric phases were designed to create
opposite vortex states, which display inverse phase gra-
dients and phases when illuminated by Gaussian beams
with left- and right-handed circular polarizations. The
topological charges of circular components are ±7, which

are appreciable from the seven phase jumps in Fig. 2c, d,
resulting in a vector beam of order 7. The vectorial nature
of the beams is revealed through a rotating linear polar-
izer, producing azimuthally distributed spots that rotate in
opposite directions depending on the polarization hand-
edness. The |2ℓ1| spots vary in size, proportional to the
phase gradient.
Three additional optical elements were designed and

fabricated to explore other configurations (Supplementary
Material), changing the number of sectors, topological
charges, and vectorial states once at a time. In particular,
we elucidated how to generate vectorial states from a
beam that has no overall topological charge by tuning the
design parameters. Moreover, we showed how to produce
hybrid-order vector beams using the same paradigm
(Supplementary Material).
In the fifth optics, the vortex and antivortex states were

alternately encoded in the inner and outer rings, with
gradient inversions applied across four sectors of the
double rings, and topological charges set to ℓ0= 5 and
ℓ1= 10 in both rings (Fig. 3). The observed phase gradient
and sign inversions under circularly polarized illumina-
tion, together with the polarization pattern generated in
the vertically polarized light simulation, show that the
circular components do not carry an overall topological
charge, but the vector beam of order ℓ1 is correctly gen-
erated. The experimental results closely match the theo-
retical predictions, as shown by the azimuthal intensity
profile after filtering. Experimental videos also demon-
strate the evolution of the vector beam as the analyzer
rotates.
Lastly, the behavior of a metaoptic designed to generate

three concentric rings (N= 3), each featuring distinct
azimuthally-varying linear phase gradients divided into
different sectors with unique intrinsic vectorial states, is
discussed in Supplementary Material. The structured
beam was also generated under horizontally polarized
light, confirming the inversion of the vectorial state in
each sector.

Non-linear phase gradient functions
This section investigates the topological vector beam

distribution generated by a non-linear phase gradient
function, presenting two additional metaoptics. For sim-
plicity, the design consists of a single ring and a single
sector without phase gradient inversion and topological
charge inversion.
The first metasurface employs an exponential azimuthal

phase gradient, βð�Þ ¼ expðA� φ2πÞ
expðAÞ where A is a constant that

controls the variation of the exponential gradient and
1

expðAÞ is a normalization factor. Selecting ℓ0= 0 and ℓ1= 3,

the two generated orthogonal circularly polarized
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components have topological charge equal to ±ℓ1,
resulting in an exponential distribution of third-order
vector beams, as illustrated by the azimuthal electric field
profile (Fig. 4). As expected, after filtering, the |2ℓ1| spots
rotate in the same direction as the analyzer and increase
exponentially simultaneously with the variation in the
azimuthal coordinate.
A sinusoidal gradient function, βð�Þ ¼ sinφ

πφ , with ℓ0= 1
and ℓ1= 3, was implemented in a second metaoptics
(Fig. 4c, d) that results in an oscillatory asymmetric vector
beam. Being sin(·) the gradient function, we had an
intrinsic oscillation in terms of ℓ local contribution lead-
ing to a consecutive inversion of the gradient and sign
arising a total topological charge of ±2 for the circular
components but a vector beam order of ℓ1= 3. Thus,
periodic functions allow the introduction of different
gradient sub-behaviors, complicating the phase and
polarization pattern even more.

Discussion
The reported findings showcase the transformative

potential of metasurfaces for generating complex struc-
tured light fields, specifically a novel class termed
azimuthally-variant perfect vector beams (AV-PVBs).
Through meticulous design and nanofabrication, arbi-
trary and analytical azimuthal functions can be encoded
for the first time into compact metaoptics, enabling
unprecedented control over the phase and polarization
patterns of perfect vortex beams and overcoming the
limitations of prior designs based on the combination of
discrete values or grafted combinations of topological
charges.
A key advantage stems from the dual-functional nature

of these metaoptics, enabling parallel operations onto
polarization and phase in combination with independent
manipulation of orthogonal and circularly polarized
components. This capability enables the creation of
complex vector beams with customizable polarization
distributions along the ring structures, ranging from
purely scalar to purely vector, as well as any hybrid
combination by adjusting the degree of non-separability
(or concurrence that we showed can span the full range45)
(See Supplementary Material).

A significant outcome is the novel utilization of the
input polarization as a dynamic control mechanism for
the output beam. In particular, two distinct moving
configurations exploit polarization rotation. In one setup,
a rotating analyzer placed after the metaoptics selects
different polarization states along the ring pattern,
resulting in a series of bright spots with varying sizes that
simultaneously rotate azimuthally around the ring. The
rotation direction and speed depend on the encoded
azimuthal phase gradient function and on the analyzer’s
rotational speed (see Supplementary Movies). Alter-
natively, varying the polarization of the illuminating light
instead of rotating the analyzer allows for generating
different multi-spot patterns in the output.
The compact generation of such polarization-tunable

arbitrary complex beams can suggest promising applica-
tions in many fields, from life sciences46–48 to informa-
tion49 and communication technology50.
This versatility in generating customizable structured

light fields opens avenues for multiplexing and encoding
information, potentially enhancing data transmission
rates and channel capacities for high-capacity commu-
nication systems51. Different patterns with complex azi-
muthal vector basis configurations and switching between
two configurations controlled by the incoming polarized
light can represent a method for data signal encoding and
transmission. In quantum information systems, generat-
ing complex spatial modes with higher-dimensional
quantum encoding holds promise for improving the
fidelity and capacity of quantum communication
networks52.
Notably, the ability to generate multiple concentric

perfect vortices with azimuthally variant gradients of
phase and polarization is interesting for optical trapping.
Indeed, the dynamic control in the position and extent of
these light regions emerges as an enabling platform for
customizable trapping and manipulating of molecules and
micro- and nano-particles, enabling precise and dynamic
control of the trapped targets movements by acting on the
energy flow configuration over time53,54. In addition,
while the generation of multi-ring patterns can extend the
trapping mechanism to low refractive-index targets, the
encoding of opposite vectorial nature, i.e., vortex and

(see figure on previous page)
Fig. 3 Metaoptics generating two rings divided in four sectors and having null topological charges but arising azimuthally variant
polarization pattern. Encoded dynamic (a) and geometric (b) phases of metaoptics generating two rings in opposite vector states having four
gradient sectors with alternating gradient inversion. Simulated optical response of the metaoptics under the illumination of a Gaussian beam left-
handed (c) and right-handed (d) circularly polarized. Simulated (e) and measured (f) intensity of the vector beam before (e1, f1) and after linear
polarization filtering (e2-e5, f2–f5). The azimuthal phase gradient generates an azimuthal variation of the electric field’s amplitude components (Ex
and Ey) along the ring (e1). Inserting a rotating linear polarizer at different angles shows the measured variation of the vector beam spot sizes (f2–f5)
after the filtering to compare with the simulation (e2–e5). In each of the four sectors, the inner and the outer rings are in opposite vector states,
leading to opposite spot rotation. Comparison between theory and simulations of the azimuthal intensity profile after filtering for both rings (g)
when ϑ= π/2
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components have topological charge equal to ±ℓ1,
resulting in an exponential distribution of third-order
vector beams, as illustrated by the azimuthal electric field
profile (Fig. 4). As expected, after filtering, the |2ℓ1| spots
rotate in the same direction as the analyzer and increase
exponentially simultaneously with the variation in the
azimuthal coordinate.
A sinusoidal gradient function, βð�Þ ¼ sinφ

πφ , with ℓ0= 1
and ℓ1= 3, was implemented in a second metaoptics
(Fig. 4c, d) that results in an oscillatory asymmetric vector
beam. Being sin(·) the gradient function, we had an
intrinsic oscillation in terms of ℓ local contribution lead-
ing to a consecutive inversion of the gradient and sign
arising a total topological charge of ±2 for the circular
components but a vector beam order of ℓ1= 3. Thus,
periodic functions allow the introduction of different
gradient sub-behaviors, complicating the phase and
polarization pattern even more.

Discussion
The reported findings showcase the transformative

potential of metasurfaces for generating complex struc-
tured light fields, specifically a novel class termed
azimuthally-variant perfect vector beams (AV-PVBs).
Through meticulous design and nanofabrication, arbi-
trary and analytical azimuthal functions can be encoded
for the first time into compact metaoptics, enabling
unprecedented control over the phase and polarization
patterns of perfect vortex beams and overcoming the
limitations of prior designs based on the combination of
discrete values or grafted combinations of topological
charges.
A key advantage stems from the dual-functional nature

of these metaoptics, enabling parallel operations onto
polarization and phase in combination with independent
manipulation of orthogonal and circularly polarized
components. This capability enables the creation of
complex vector beams with customizable polarization
distributions along the ring structures, ranging from
purely scalar to purely vector, as well as any hybrid
combination by adjusting the degree of non-separability
(or concurrence that we showed can span the full range45)
(See Supplementary Material).

A significant outcome is the novel utilization of the
input polarization as a dynamic control mechanism for
the output beam. In particular, two distinct moving
configurations exploit polarization rotation. In one setup,
a rotating analyzer placed after the metaoptics selects
different polarization states along the ring pattern,
resulting in a series of bright spots with varying sizes that
simultaneously rotate azimuthally around the ring. The
rotation direction and speed depend on the encoded
azimuthal phase gradient function and on the analyzer’s
rotational speed (see Supplementary Movies). Alter-
natively, varying the polarization of the illuminating light
instead of rotating the analyzer allows for generating
different multi-spot patterns in the output.
The compact generation of such polarization-tunable

arbitrary complex beams can suggest promising applica-
tions in many fields, from life sciences46–48 to informa-
tion49 and communication technology50.
This versatility in generating customizable structured

light fields opens avenues for multiplexing and encoding
information, potentially enhancing data transmission
rates and channel capacities for high-capacity commu-
nication systems51. Different patterns with complex azi-
muthal vector basis configurations and switching between
two configurations controlled by the incoming polarized
light can represent a method for data signal encoding and
transmission. In quantum information systems, generat-
ing complex spatial modes with higher-dimensional
quantum encoding holds promise for improving the
fidelity and capacity of quantum communication
networks52.
Notably, the ability to generate multiple concentric

perfect vortices with azimuthally variant gradients of
phase and polarization is interesting for optical trapping.
Indeed, the dynamic control in the position and extent of
these light regions emerges as an enabling platform for
customizable trapping and manipulating of molecules and
micro- and nano-particles, enabling precise and dynamic
control of the trapped targets movements by acting on the
energy flow configuration over time53,54. In addition,
while the generation of multi-ring patterns can extend the
trapping mechanism to low refractive-index targets, the
encoding of opposite vectorial nature, i.e., vortex and

(see figure on previous page)
Fig. 3 Metaoptics generating two rings divided in four sectors and having null topological charges but arising azimuthally variant
polarization pattern. Encoded dynamic (a) and geometric (b) phases of metaoptics generating two rings in opposite vector states having four
gradient sectors with alternating gradient inversion. Simulated optical response of the metaoptics under the illumination of a Gaussian beam left-
handed (c) and right-handed (d) circularly polarized. Simulated (e) and measured (f) intensity of the vector beam before (e1, f1) and after linear
polarization filtering (e2-e5, f2–f5). The azimuthal phase gradient generates an azimuthal variation of the electric field’s amplitude components (Ex
and Ey) along the ring (e1). Inserting a rotating linear polarizer at different angles shows the measured variation of the vector beam spot sizes (f2–f5)
after the filtering to compare with the simulation (e2–e5). In each of the four sectors, the inner and the outer rings are in opposite vector states,
leading to opposite spot rotation. Comparison between theory and simulations of the azimuthal intensity profile after filtering for both rings (g)
when ϑ= π/2
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antivortex, into two concentric rings offers a sophisticated
approach to manipulating the spatial relationships
between trapped particles. This novel technique provides
unprecedented control, allowing the separation between
particles to be increased or, conversely, their interaction
to be promoted in a spatially dependent manner, together
with the customization of the intensity distribution along
the rings55. Such versatility opens up new avenues for
precise particle manipulation, potentially revolutionizing
fields ranging from microfluidics to nanoscale assembly.
Trapping and addressing of atoms and ions for gen-

erating entangled qubits on a quantum chip is also an
emerging possibility8, crucial for realizing integrated
quantum computing architectures56,57. While cold-
controlled interactions among atomic qubits have been
observed in microfabricated solid-state devices, this plat-
form lacks efficient and versatile qubit addressability and
precise manipulation needed for quantum state engi-
neering. The designed metasurfaces can provide a pro-
mising solution to overcome the limitations of the present
schemes58–61, offering an optical platform compatible
with atom trapping devices and providing arbitrary and
integrated optical addressing with high precision in
polarization, phase, and intensity manipulation, which are
essential for qubit excitation, measure, and entanglement
control62.
For the above reasons, the consolidation of the outlined

optical functionalities into compact, flat metaoptics
enables an integrated approach that is well-suited for
miniaturized beam shaping and light manipulation solu-
tions. Their simplicity, efficiency, and potential for min-
iaturization position these metaoptics as integral
components of next-generation devices, transcending
traditional optical systems by providing highly customiz-
able and diverse solutions. The transformative potential
demonstrated in this work offers flexible manipulation
over a vast set of degrees of freedom for generating
complex perfect vortex vector beams, making these
metaoptics attractive across a wide range of applications

in burgeoning areas of quantum optics, biophotonics,
materials science, communication systems, and beyond.

Methods
Simulations
Firstly, computational simulations using a tailored finite

element method in COMSOL Multiphysics were con-
ducted at a specified operational wavelength of 1310 nm
to infer the geometric features of each metaunit. Main-
taining the metaatoms matrix periodicity at 600 nm was
crucial to comply with the subwavelength regime.
Meanwhile, variations in the cross-sectional dimensions
of the metaunit were explored within a fixed height of
850 nm. Consequently, metaunit cross sections aligning
with the half-wave plate (HWP) condition, represented by
Δ= π, were meticulously chosen, where Δ= δx− δy sig-
nifies the disparity between phase delays for linear
polarizations along the x− and y− axes, respectively.
Rigorous criteria were enforced to ensure comprehensive
polarization conversion and uniform transmittance across
the entire metalens.
Specifically, metaatoms satisfying criteria encompassing

a maximum deviation of 0.3 rad from the HWP condition,
a transmission difference ΔT= Tx− Ty below 0.05, and
adhering to a maximum deviation of 0.1 concerning
average transmission (TAVG= (Tx+ Ty)/2) among the
simulated metaatoms were selected63. Consequently, a
library comprising 13 distinct nanopillars, each exhibiting
an average transmission of 75%, was established in com-
pliance with the specified prerequisites. Subsequently,
given specific phase patterns Φ±, the computation of
corresponding dynamic and geometric phase maps leads
to the required metaatoms configuration for the desired
metaoptics. Optical response simulations were conducted
using a customized MatLab® code that implements the
Fresnel propagator64 within a square computational
window measuring 600 µm per side, with a pixel size of
600 nm. These simulations were performed on metalenses
with a radius of 300 µm, designed for an operational

(see figure on previous page)
Fig. 4 Metaoptics generating AV-PVBs with exponential and sinusoidal phase gradients. Simulated and measured optical response of

metaoptics imposing ℓ0= 0, ℓ1= 3 and the phase gradient function βð�Þ¼ expðA� ϕ2πÞ
expðAÞ with A= 2.5. Simulated (a1) and experimental (b1) measure of the

generated beam under vertically polarized light. |2ℓ1| variations between Ex and Ey confirm the vectorial nature of the beam. The variation of
polarization is weak in the first area of the ring but increases a lot following exponential behavior. Simulated (a2-5) and experimental (b2-5) results of
beam characterization after filtering. The spots rotate in the same direction as the analyzer, as the ring is in the vortex state. Simulated (c) and

measured (d) optical response of metaoptics imposing ℓ0= 1, ℓ1= 3, and the phase gradient function βð�Þ ¼ sinðφÞ
πφ . j2‘1j variations between Ex and Ey

confirm the vectorial nature of the beam. The variation of polarization is asymmetrical due to the π periodicity of the sin(·) function and the
contribution of the background charge ℓ0. Moreover, because of the periodicity mentioned above, the ring is intrinsically divided into two sub-
sectors in opposite states as the gradient of the function changes sign every π. Simulated (c2–5) and experimental (d2–5) results of beam
characterization after filtering. The spots rotate in the same direction as the analyzer, from −π/2 to π/2 as the gradient is positive; otherwise, they
rotate in the opposite direction. The experimental azimuthal profile fits well with the theoretical one. Comparison between theory and simulations of
the azimuthal intensity profile after filtering for both samples (e) when ϑ= 0
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antivortex, into two concentric rings offers a sophisticated
approach to manipulating the spatial relationships
between trapped particles. This novel technique provides
unprecedented control, allowing the separation between
particles to be increased or, conversely, their interaction
to be promoted in a spatially dependent manner, together
with the customization of the intensity distribution along
the rings55. Such versatility opens up new avenues for
precise particle manipulation, potentially revolutionizing
fields ranging from microfluidics to nanoscale assembly.
Trapping and addressing of atoms and ions for gen-

erating entangled qubits on a quantum chip is also an
emerging possibility8, crucial for realizing integrated
quantum computing architectures56,57. While cold-
controlled interactions among atomic qubits have been
observed in microfabricated solid-state devices, this plat-
form lacks efficient and versatile qubit addressability and
precise manipulation needed for quantum state engi-
neering. The designed metasurfaces can provide a pro-
mising solution to overcome the limitations of the present
schemes58–61, offering an optical platform compatible
with atom trapping devices and providing arbitrary and
integrated optical addressing with high precision in
polarization, phase, and intensity manipulation, which are
essential for qubit excitation, measure, and entanglement
control62.
For the above reasons, the consolidation of the outlined

optical functionalities into compact, flat metaoptics
enables an integrated approach that is well-suited for
miniaturized beam shaping and light manipulation solu-
tions. Their simplicity, efficiency, and potential for min-
iaturization position these metaoptics as integral
components of next-generation devices, transcending
traditional optical systems by providing highly customiz-
able and diverse solutions. The transformative potential
demonstrated in this work offers flexible manipulation
over a vast set of degrees of freedom for generating
complex perfect vortex vector beams, making these
metaoptics attractive across a wide range of applications

in burgeoning areas of quantum optics, biophotonics,
materials science, communication systems, and beyond.

Methods
Simulations
Firstly, computational simulations using a tailored finite

element method in COMSOL Multiphysics were con-
ducted at a specified operational wavelength of 1310 nm
to infer the geometric features of each metaunit. Main-
taining the metaatoms matrix periodicity at 600 nm was
crucial to comply with the subwavelength regime.
Meanwhile, variations in the cross-sectional dimensions
of the metaunit were explored within a fixed height of
850 nm. Consequently, metaunit cross sections aligning
with the half-wave plate (HWP) condition, represented by
Δ= π, were meticulously chosen, where Δ= δx− δy sig-
nifies the disparity between phase delays for linear
polarizations along the x− and y− axes, respectively.
Rigorous criteria were enforced to ensure comprehensive
polarization conversion and uniform transmittance across
the entire metalens.
Specifically, metaatoms satisfying criteria encompassing

a maximum deviation of 0.3 rad from the HWP condition,
a transmission difference ΔT= Tx− Ty below 0.05, and
adhering to a maximum deviation of 0.1 concerning
average transmission (TAVG= (Tx+ Ty)/2) among the
simulated metaatoms were selected63. Consequently, a
library comprising 13 distinct nanopillars, each exhibiting
an average transmission of 75%, was established in com-
pliance with the specified prerequisites. Subsequently,
given specific phase patterns Φ±, the computation of
corresponding dynamic and geometric phase maps leads
to the required metaatoms configuration for the desired
metaoptics. Optical response simulations were conducted
using a customized MatLab® code that implements the
Fresnel propagator64 within a square computational
window measuring 600 µm per side, with a pixel size of
600 nm. These simulations were performed on metalenses
with a radius of 300 µm, designed for an operational

(see figure on previous page)
Fig. 4 Metaoptics generating AV-PVBs with exponential and sinusoidal phase gradients. Simulated and measured optical response of

metaoptics imposing ℓ0= 0, ℓ1= 3 and the phase gradient function βð�Þ¼ expðA� ϕ2πÞ
expðAÞ with A= 2.5. Simulated (a1) and experimental (b1) measure of the

generated beam under vertically polarized light. |2ℓ1| variations between Ex and Ey confirm the vectorial nature of the beam. The variation of
polarization is weak in the first area of the ring but increases a lot following exponential behavior. Simulated (a2-5) and experimental (b2-5) results of
beam characterization after filtering. The spots rotate in the same direction as the analyzer, as the ring is in the vortex state. Simulated (c) and

measured (d) optical response of metaoptics imposing ℓ0= 1, ℓ1= 3, and the phase gradient function βð�Þ ¼ sinðφÞ
πφ . j2‘1j variations between Ex and Ey

confirm the vectorial nature of the beam. The variation of polarization is asymmetrical due to the π periodicity of the sin(·) function and the
contribution of the background charge ℓ0. Moreover, because of the periodicity mentioned above, the ring is intrinsically divided into two sub-
sectors in opposite states as the gradient of the function changes sign every π. Simulated (c2–5) and experimental (d2–5) results of beam
characterization after filtering. The spots rotate in the same direction as the analyzer, from −π/2 to π/2 as the gradient is positive; otherwise, they
rotate in the opposite direction. The experimental azimuthal profile fits well with the theoretical one. Comparison between theory and simulations of
the azimuthal intensity profile after filtering for both samples (e) when ϑ= 0
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were employed to establish the desired polarization state.
Specifically, the QWP transformed the beam from hor-
izontally polarized to circularly polarized states. At the
same time, the HWP alternatively rotated the polarization
plane to generate the desired vector beam upon exiting
the SLM (see Supplementary Material). The polarized
beam was resized accordingly to illuminate the patterned
zone of the optics fixed on a 6-axis kinematic mount
(K6XS, Thorlabs). The collection of the output beam
involved a long working distance 20x Objective (MY20X-
824 - Plan Apochromat Objective, 480–1800 nm, 0.40
NA, 20.0 mm WD, Mitutoyo) mounted on a micrometric
translator stage (LX20/M, Thorlabs). Employing remo-
vable additional linear polarizer (P2) and quarter-wave
plate (QWP2) enabled the analysis of the VB configuration
and the generation of the Stokes polarimetric projections,
respectively. Image capture of the collected beam was
made by using a camera (WiDy SWIR 640U-S, pixel pitch
15 µm). The discrepancies in scale bars between simula-
tions and experimental acquisitions in the figures were
due to the introduced magnification factor. Proper
extraction and magnification of generated beams neces-
sitated a microscope objective, as the 1.5 mm focal length
was inadequate for direct collection on the CCD camera.
Moreover, optimal appreciation of the beam exploited the
entire sensitive area of the camera. Finally, the experi-
mental efficiency of the metaoptics was quantified,
yielding an average transmission value of 72%, closely
approximating the anticipated theoretical value of 75%.
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wavelength of 1310 nm, featuring a 13-level discretization
of dynamic phase, and illuminated by a Gaussian beam
with a 150 µm waist radius.

Fabrication
The metaoptics under examination were fabricated

employing a two-stage fabrication procedure. Electron beam
lithography (EBL) was initially used to transpose the opti-
mized computational blueprint onto the physical sample65.
This process entailed patterning a thin PMMA resist layer on
h100i silicon substrates through an EBL system (Carl Zeiss
Sigma 300, 30 keV beam voltage). Subsequently, an alumina
mask was applied via electron gun evaporation of an Al2O3

target within high vacuum conditions. Following the devel-
opment stage, an alumina layer remained on the previously
exposed regions after a lift-off process conducted through
sonication in hot acetone. Ultimately, the pattern was
transferred onto the underlying silicon substrate via Induc-
tively Coupled Plasma Reactive Ion Etching (ICP-RIE). All
fabricated metasurfaces maintained a consistent diameter of
600 µm. Figure 5a–c depicts the morphological character-
ization of a sample.

Optical setup
The optical performance assessment of the metaoptics

was conducted using the experimental arrangement
detailed in Fig. 5d. The output from a DFB laser
(λ= 1310 nm, 1310LD34 1-2-2-1 CCSI, AeroDiode) was
collimated at the termination of a single mode fiber using
an aspheric lens with a focal length of fF= 7.5 mm
(A375TM-C, Thorlabs). Initially linearly polarized, the
beam underwent expansion via an initial telescope system
(f1= 3.5 cm, f2= 10.0 cm) before illuminating the display
of an LCoS (Liquid Crystal on Silicon) spatial light
modulator (X13267-08, Hamamatsu, pixel pitch 12.5 µm).
We generated the desired input Gaussian beam employ-
ing a phase and amplitude modulation technique66. Uti-
lizing a 4-f system (f3= 20.0 cm, f4= 12.5 cm) featuring an
aperture in the Fourier plane facilitated both the isolation
of the first-order encoded mode and the adjustment of the
beam waist to W= 150 µm. A 50:50 beam-splitter posi-
tioned before the SLM directed the reflected beam along
the desired optical pathway. Within this path, a quarter-
wave plate (QWP1) (WPQ10M1310, Thorlabs) or a half-
wave plate (HWP1 in Fig. 5d) (WPH05M-1310, Thorlabs)
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Fig. 5 Fabricated samples and experimental setup. a Brightfield microscope image of the metaoptics in Fig. 3. b, c are tilted and top-view SEM
inspections of the sample whose response is depicted in Fig. 4c–e, respectively. d Optical layout for vector beam characterization. SMF single mode
fiber of a DFB laser; LF aspheric lens with focal length fF= 7.5 mm, P1 linear polarizer; telescope system L1 and L2 with f1= 3.5 cm and f2= 10.0 cm; BS
non-polarized beam splitter; SLM LCoS spatial light modulator (SLM), M mirror; QWP1 quarter-wave plate, HWP1 half-wave plate, 4-f system (lenses L3
and L4) with f3= 20.0 cm and f4= 12.5 cm, D1 iris diaphragm, MO metaoptics, Obj 20× objective, QWP2 quarter-wave plate, P2 linear polarizer, CCD
charge-coupled device camera
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were employed to establish the desired polarization state.
Specifically, the QWP transformed the beam from hor-
izontally polarized to circularly polarized states. At the
same time, the HWP alternatively rotated the polarization
plane to generate the desired vector beam upon exiting
the SLM (see Supplementary Material). The polarized
beam was resized accordingly to illuminate the patterned
zone of the optics fixed on a 6-axis kinematic mount
(K6XS, Thorlabs). The collection of the output beam
involved a long working distance 20x Objective (MY20X-
824 - Plan Apochromat Objective, 480–1800 nm, 0.40
NA, 20.0 mm WD, Mitutoyo) mounted on a micrometric
translator stage (LX20/M, Thorlabs). Employing remo-
vable additional linear polarizer (P2) and quarter-wave
plate (QWP2) enabled the analysis of the VB configuration
and the generation of the Stokes polarimetric projections,
respectively. Image capture of the collected beam was
made by using a camera (WiDy SWIR 640U-S, pixel pitch
15 µm). The discrepancies in scale bars between simula-
tions and experimental acquisitions in the figures were
due to the introduced magnification factor. Proper
extraction and magnification of generated beams neces-
sitated a microscope objective, as the 1.5 mm focal length
was inadequate for direct collection on the CCD camera.
Moreover, optimal appreciation of the beam exploited the
entire sensitive area of the camera. Finally, the experi-
mental efficiency of the metaoptics was quantified,
yielding an average transmission value of 72%, closely
approximating the anticipated theoretical value of 75%.
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wavelength of 1310 nm, featuring a 13-level discretization
of dynamic phase, and illuminated by a Gaussian beam
with a 150 µm waist radius.

Fabrication
The metaoptics under examination were fabricated

employing a two-stage fabrication procedure. Electron beam
lithography (EBL) was initially used to transpose the opti-
mized computational blueprint onto the physical sample65.
This process entailed patterning a thin PMMA resist layer on
h100i silicon substrates through an EBL system (Carl Zeiss
Sigma 300, 30 keV beam voltage). Subsequently, an alumina
mask was applied via electron gun evaporation of an Al2O3

target within high vacuum conditions. Following the devel-
opment stage, an alumina layer remained on the previously
exposed regions after a lift-off process conducted through
sonication in hot acetone. Ultimately, the pattern was
transferred onto the underlying silicon substrate via Induc-
tively Coupled Plasma Reactive Ion Etching (ICP-RIE). All
fabricated metasurfaces maintained a consistent diameter of
600 µm. Figure 5a–c depicts the morphological character-
ization of a sample.

Optical setup
The optical performance assessment of the metaoptics

was conducted using the experimental arrangement
detailed in Fig. 5d. The output from a DFB laser
(λ= 1310 nm, 1310LD34 1-2-2-1 CCSI, AeroDiode) was
collimated at the termination of a single mode fiber using
an aspheric lens with a focal length of fF= 7.5 mm
(A375TM-C, Thorlabs). Initially linearly polarized, the
beam underwent expansion via an initial telescope system
(f1= 3.5 cm, f2= 10.0 cm) before illuminating the display
of an LCoS (Liquid Crystal on Silicon) spatial light
modulator (X13267-08, Hamamatsu, pixel pitch 12.5 µm).
We generated the desired input Gaussian beam employ-
ing a phase and amplitude modulation technique66. Uti-
lizing a 4-f system (f3= 20.0 cm, f4= 12.5 cm) featuring an
aperture in the Fourier plane facilitated both the isolation
of the first-order encoded mode and the adjustment of the
beam waist to W= 150 µm. A 50:50 beam-splitter posi-
tioned before the SLM directed the reflected beam along
the desired optical pathway. Within this path, a quarter-
wave plate (QWP1) (WPQ10M1310, Thorlabs) or a half-
wave plate (HWP1 in Fig. 5d) (WPH05M-1310, Thorlabs)
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Fig. 5 Fabricated samples and experimental setup. a Brightfield microscope image of the metaoptics in Fig. 3. b, c are tilted and top-view SEM
inspections of the sample whose response is depicted in Fig. 4c–e, respectively. d Optical layout for vector beam characterization. SMF single mode
fiber of a DFB laser; LF aspheric lens with focal length fF= 7.5 mm, P1 linear polarizer; telescope system L1 and L2 with f1= 3.5 cm and f2= 10.0 cm; BS
non-polarized beam splitter; SLM LCoS spatial light modulator (SLM), M mirror; QWP1 quarter-wave plate, HWP1 half-wave plate, 4-f system (lenses L3
and L4) with f3= 20.0 cm and f4= 12.5 cm, D1 iris diaphragm, MO metaoptics, Obj 20× objective, QWP2 quarter-wave plate, P2 linear polarizer, CCD
charge-coupled device camera
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All-optical permittivity-asymmetric quasi-bound
states in the continuum
Rodrigo Berté 1✉, Thomas Possmayer 1, Andreas Tittl 1✉, Leonardo de S. Menezes 1,2 and Stefan A. Maier 3,4

Abstract
Resonances are usually associated with finite systems—the vibrations of clamped strings in a guitar or the optical
modes in a cavity defined by mirrors. In optics, resonances may be induced in infinite continuous media via periodic
modulations of their optical properties. Here we demonstrate that periodic modulations of the permittivity of a
featureless thin film can also act as a symmetry-breaking mechanism, allowing the excitation of photonic quasi-bound
states in the continuum (qBICs). By interfering two ultrashort laser pulses in the unbounded film, transient resonances
can be tailored through different parameters of the pump beams. We show that the system offers resonances tunable
in wavelength and quality-factor, and spectrally selective enhancement of third-harmonic generation. Due to a fast
decay of the permittivity asymmetry, we observe ultrafast dynamics, enabling time-selective near-field enhancement
with picosecond precision. Optically induced permittivity asymmetries may be exploited in on-demand weak to
ultrastrong light-matter interaction regimes and light manipulation at dynamically chosen wavelengths in lithography-
free metasurfaces.

Introduction
While individual atoms display spectral lines1, electronic

and phononic interactions in extended matter generate
broad optical responses2. Bulk excitonic resonances are a
prominent exception, but their wavelength is predefined
near the band edges of the given material3, severely limiting
the optical bandwidth available for applications. A new
paradigm in optical resonances appeared with the ability to
pattern materials below or in the same size scale as the
wavelength of light4, into flat (metasurfaces5) and into three-
dimensional (metamaterials6) structures, in which optical
functionalities are not limited by the weakly-dispersive
macroscopic permittivity of its constituents. However, their
optical response is intimately linked to the dimensions of the
comprising resonators established during fabrication.
Optical modes in infinite featureless media have been

shown to arise from periodic modulations of the permittivity

of thin films in the seminal theoretical works on guided-
mode resonances (GMRs)7–9, in which narrower line-
widths were observed for vanishing permittivity modula-
tions (Δε → 0). Periodic modulations, recently explored in
time-varying metamaterials10, have also been extensively
investigated using laser beam interference in dynamic
gratings induced in featureless films11. Such induced
gratings are commonly measured via diffraction effects
that are almost invariant for small changes in the wave-
length of the probing beam.
Arising in the context of electronic wavefunction loca-

lization12, BICs are a set of phenomena demonstrated in
elastic13, acoustic14, hydrodynamic15, and optical16 sys-
tems, where particular oscillatory excitations remain
spatially localized in spite of co-existing in the continuum
of possible propagating modes. True BICs can only exist
in systems devoid of radiative losses and that are, gen-
erally, spatially infinite in at least one dimension17.
Among the different types of BICs17 are those whose
symmetry is incompatible with that of propagating
modes18, thus termed symmetry-protected BICs. Since
true BICs cannot be observed due to the strict require-
ment of an infinite system17, experimental studies have
focused on measuring localized excitations corresponding
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