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Enhancement of Optical Spin-Orbit Coupling in
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Abstract—Vector vortex beams which possess complex intensity
and polarisation patterns, and phase or polarisation singularities
are important in a variety of applications ranging from high res-
olution imaging and data transmission to nonlinear optics and
quantum technologies. Here, we theoretically analyse the effect
of vector vortex beams propagation through strongly anisotropic
metamaterials exhibiting epsilon-near-zero behaviour. The inter-
action of the metamaterial with longitudinal field of the vector
beams results in a strong modification of the polarisation distribu-
tion, with the metamaterial acting as an azimuthal polariser. The
dependence on the local ellipticity of the field is also investigated
revealing conversion of spin angular momentum to orbital angular
momentum and polarisation structure vorticity, mediated by the
longitudinal field. The results show the promise of an anisotropic
metamaterial platform for manipulation of polarisation properties
of and spin-orbit coupling in vector vortex beams.

Index Terms—Epsilon-near-zero, hyperbolic metamaterials,
spin-orbit coupling, vector vortex beams.

I. INTRODUCTION

V ECTOR vortex beams (VVBs) with complex polarisa-
tion patterns and orbital angular momentum (OAM) are

important for designing unusual light-matter interactions and
addressing quantum and optical properties of matter, such as
forbidden optical transitions in atoms and quantum dots, optical
trapping and manipulation, information encoding, superesolu-
tion microscopy and many others [1]. VVBs are instrumental
for realisation of topologically protected polarisation textures
of light, such as skyrmions, merons and hopfions [2], [3], [4].
VVBs can be commonly seen as the superposition of two or-
thogonally polarised scalar optical vortices, each possessing a
phase singularity in the centre of the beam [5]. Such super-
position can in turn lead to the generation of a polarisation
singularity [6], as is the case of the two archetypal types of
vector beams: radially and azimuthally polarised beams, which
carry a polarisation singularity collocated with strong longi-
tudinal electric or magnetic field, respectively, in the centre
of the beam [7]. Due to the intimate link between transverse
and longitudinal fields required by the Maxwell’s equations,
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this results in the possibility to generate a longitudinal field
whose characteristics can be defined by the transverse state of
polarisation (SOP), even in the case of a paraxial beam [8], [9],
[10], [11], [12]. Moreover, the longitudinal field depends on the
OAM carried by the beam due to spin-orbital angular momentum
conversion, opening up additional opportunities for the field
manipulation.

Due to the complex balance of the electric field components
in VVBs, strong focusing [13], [14], [15], [16] or anisotropic
media [17], [18], [19] can be used to manipulate the beam
polarisation properties by differently influencing the transverse
and longitudinal field components. In this respect, hyperbolic
metamaterials [20], [21], which exhibit record optical anisotropy
since they behave as a dielectric (Re(ε) > 0) for one polarisation
of light and as a metal (Re(ε) < 0) for the other [22], [23], [24],
[25], provide unique opportunities for manipulation of VVBs
and spin-orbit coupling. Moreover, due to their intrinsic prop-
erties, hyperbolic metamaterials support the so-called epsilon-
near-zero (ENZ) regime, in which their interaction with trans-
verse and longitudinal electric field components are strongly
different.

In this paper, we investigate how VVBs of different orders
interact with hyperbolic metamaterials formed by arrays of
plasmonic nanorods. A generalised version of a radial beam
was studied, which is allowed to possess topological charge
(TC) higher than one. We show that in the case of VVBs
with locally linear SOP, the coupling of the longitudinal field
with the ENZ-related resonance of the metamaterial is able to
modify the polarisation of the beam, making it almost purely
azimuthal (we refer to this phenomenon as “azimuthalisation”)
for every value of topological charge apart from � = 1. In the
latter case of � = 1, the longitudinal field is regenerated from
the transverse one due to the symmetry of the beam. However,
in the case of a non-ideal radial polarisation with non-zero
local ellipticity (non-zero spin), the radial polarisation looses
its resilience to azimuthalisation. The metamaterial acts as an
azimuthal polariser in the ENZ spectral range with the degree
of azimuthalisation controlled by the metamaterial thickness
and a choice of an operating wavelength. At the wavelengths
away from the ENZ region, in the case of polarisation states
with spin angular momentum, pronounced vorticity of the
SOP after propagation through the metamaterial is observed
due to spin-orbit coupling. The handedness of the resulting
polarisation vortex depends on the metamaterial dispersion
regime.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-9657-461X
https://orcid.org/0000-0003-0566-4087
mailto:vittorio.aita@kcl.ac.uk
mailto:a.zayats@kcl.ac.uk


0600108 IEEE PHOTONICS JOURNAL, VOL. 15, NO. 1, FEBRUARY 2023

II. THEORETICAL APPROACH

A. Vector Vortex Beams With Arbitrary Polarisation States

In the paraxial approximation, for a monochromatic beam
propagating along the optical axis of a uniaxial, nonmagnetic and
nongyrotropic medium, the Maxwell’s equations imply a strong
relation between the electric field components in the x− y plane
transverse to the propagation direction and its component along
z:

∇ · ε̂E = εT∇T ·ET + εz∂zEz = 0 , (1)

where ET = (Ex, Ey) and Ez are the transverse and longi-
tudinal components of the electric field, respectively, ∇T =
(∂x, ∂y), and ε̂ = diag(εT , εT , εz) is the permittivity tensor. For
an isotropic medium, ε̂ = diag(ε), and (1) reduces to∇T ·ET =
−∂zEz . Equation (1) illustrates that any modification of either
the intensity distribution of the transverse field ET or its SOP
will lead to modifications ofEz . It naturally comes from this ob-
servation that the more pronounced the variations of the electric
field over the transverse plane are, the stronger longitudinal field
can be generated. In this framework, structuring the polarisation
of the beam allows for more degrees of freedom to control
the electric field transverse gradient and hence the longitudinal
component, especially if the realised SOP is non-uniform.

A general set of VVBs can be described in the basis of two
orthogonal linear polarisations {|H〉 , |V 〉} as [26]

|H, �〉 = cos �φ |H〉+ sin �φ |V 〉 (2a)

|V, �〉 = − sin �φ |H〉+ cos �φ |V 〉 , (2b)

whereφ is the azimuthal angle and � in the topological charge. In
these notations, radial and azimuthal SOPs are given by |R〉 =
|H, 1〉 and |A〉 = |V, 1〉, therefore, they have a non-uniform
polarisation distribution in the transverse plane. Although it is a
locally linear pattern, the orientation of the polarisation direction
changes across the beam cross-section.

Given the aforementioned decomposition, radial and az-
imuthal VVBs can also be considered as the superposition of
two circularly polarised optical vortices (OVs) with opposite
helicities (σ = ±1) and topological charges. Due to reciprocity,
the opposite is also valid: the circular polarisation can be consid-
ered as a superposition of radial and azimuthal field distributions
with a spiral phase wavefront. The more general SOPs described
by (2) can be seen as the analogue of radial and azimuthal
SOPs when the constitutive OVs are allowed to possess higher
topological charges±�. Equation (2) forms an orthonormal basis
in which a generic SOP, which can be found on the surface of
a higher order Poincaré sphere related to the chosen value of
topological charge �, can be written as [26]

|ψ, �〉 = |H, �〉 〈H, �|ψ, �〉+ |V, �〉 〈V, �|ψ, �〉 . (3)

In this work, the properties of optical beams with various
SOPs described by (3) are analysed under different focus-
ing conditions and upon propagation through an anisotropic
metamaterial. For simplicity, each SOP will be labelled as
|ψ, PH(ψ), PV (ψ), �〉, where PH(ψ) and PV (ψ) represent
the projections of the state |ψ〉 onto the basis {|H, �〉 , |V, �〉}

described by (2), normalised to one. In particular, given the
azimuthalisation nature of the phenomenon studied below, we
focus on initial SOPs described by |ψ, PH(ψ), 0, �〉which can be
seen as a set of generalised radial beams with arbitrary topolog-
ical charge �. The analogous set of generalised azimuthal SOPs
(|ψ, 0, PV (ψ), �〉) does not give rise to interesting polarisation
changes with regard to its electric field. A further analysis of the
magnetic field of an azimuthally polarised beam, is beyond the
scope of this paper.

B. Effective Medium Theory for Metamaterials

The metamaterial considered in this study consists of a two-
dimensional array of plasmonic (gold) nanorods, embedded in
an alumina matrix (Fig. 1). Due to the deep subwavelength
dimensions of the meta-atoms, such a metamaterial is well
described by the effective medium theory (EMT), using the
Maxwell-Garnet approximation. The plasmonic nanorods are
considered as metallic inclusions in a dielectric matrix. Within
the EMT framework, a finite thickness (h) slab of such a meta-
material can be considered as an uniaxial crystal with an optical
axis oriented along the nanorods (z-direction). The permittivity
tensor of this medium can be described by the diagonal matrix
ε̂ = diag(εx, εy = εx, εz) with [27]

εx = εy = εm
(1 + η)εm + (1− η)εd
(1− η)εm + (1 + η)εd

(4a)

εz = ηεm + (1− η)εd . (4b)

Here, εm and εd are the permittivity of the metal and the
dielectric matrix, respectively, and η = π(r/p)2 is the filling
factor of the metallic inclusions in the matrix, where r is the
radius of the nanorods and p is the periodicity of the square
array.

For the metamaterial considered throughout this work, the ge-
ometrical parameters are chosen to be: h = 370 nm, r = 20 nm,
and p = 80 nm. The permittivity of the host medium (Al2O3) has
been taken from Ref. [28], while the permittivity of gold from
Ref. [29]. The effective permittivities show the typical behaviour
of a hyperbolic metamaterial (Fig. 1(b)). In particular, Re(εz)
is positive (negative) in a shorter (longer) wavelengths range,
exhibiting a dielectric (metallic) behaviour. The zero-crossing
point Re(εz) ≈ 0 defines the ENZ region, which is found at a
wavelength λENZ ≈ 655 nm for the metamaterial studied.

The transmission of light through the metamaterial was cal-
culated using the transfer matrix method (TMM) [30]. In order
to reproduce the structure of an experimental realisation of the
metamaterial, a three-layer structure was considered (Fig. 1(a)),
where the first layer is semi-infinite free space (ε1 = 1), the
second one is the metamaterial (εx = εy ; εz), and the third
is semi-infinite glass (ε3 = 2.25). Assuming light propagates
through the system from free space, the continuity of the trans-
verse electric field at both interfaces (free-space/metamaterial
and metamaterial/glass) is imposed to obtain the Fresnel co-
efficients. Hence, the electric fields reflected and transmitted
at each interface can be obtained directly from the initial field
and eventually recombined to retrieve the total field in every
spatial region. The resulting extinction spectrum is related to
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Fig. 1. (a) Geometry of the illumination: light propagates along the positive z direction and is focused in the middle of the metamaterial (MM). The x-y plane is
referred to as the transverse plane. The intensity and polarisation distributions are calculated in the plane z = zS . The coordinate system and the angular variables
θ and φ are shown. Geometrical parameters of the metamaterial are also indicated. (b) Real and imaginary parts of the diagonal components of the effective
permittivity tensor obtained in the EMT framework. (c) Simulated extinction spectra of the metamaterial for the TM-polarised plane wave illumination at various
angles of incidence. The parameters of the metamaterial are specified in Section II B. Vertical lines indicate the wavelengths, corresponding to different dispersion
regimes, at which VVBs propagation was studied: λE = 430 nm (λH = 850 nm) for the elliptical (hyperbolic) dispersion regime and λENZ = 655 nm for the
ENZ regime.

the metamaterial permittivity spectra and has two features: a
short-wavelength one related to the absorption in Au, observed
for all the polarisations of incident plane waves and independent
of the angle of incidence, and the long-wavelength one near the
ENZ condition, which is observable only for illumination with
an electric field component parallel to the nanorods (Fig. 1(c)).
Therefore, at normal incidence, a plane wave cannot couple
to the ENZ-related resonance, the same as a weakly focused
Gaussian beam which possesses a negligible longitudinal field.
However, in the case of VVBs propagating along the optical
axis of the metamaterial, the coupling of this resonance to the
longitudinal field component can be exploited to strongly modify
the polarisation distribution across the beam, even at normal
incidence. In turn, the extinction of the VVB depends on its
parameters (cf. Fig. 1(c) and Fig. 2(i)–(k)).

C. Simulation Framework

The propagation of the beam with the chosen SOP has been
simulated using the Richards-Wolf theory for vectorial diffrac-
tion [17], [31], [32], [33], applying it to the case of VVBs
propagating through a slab of an anisotropic material. The field
is obtained integrating its angular spectrum over a region in
the momentum space fixed by the numerical aperture (NA) of
the focusing system [34]. To fully characterise the spectrum,
the amplitude of the input field needs to be specified. For this
study, the decomposition of radial and azimuthal beams into the
Hermite-Gauss modes set has been used:

ER
in = HG10nx + HG01ny

= Cfw(θ) (cosφ |H〉+ sinφ |V 〉) , (5a)

EA
in = − HG01nx + HG10ny

= Cfw(θ) (− sinφ |H〉+ cosφ |V 〉) , (5b)

where ER,A
in are the initial fields in the case of purely radial or

purely azimuthal SOP,nx,y are the unit vectors of the coordinate

system, the Hermite-Gauss modes are given in the polar co-
ordinates as HG10 = cos θ cosφ and HG01 = cos θ sinφ, C is
a constant, and fw(θ) = cos θ exp (−1/f20 )(sin

2 θ/ sin2 θmax)
is the apodisation function of the system that, for simplicity
of notation, also includes the θ-dependent terms contained in
the modes. As can be seen from its definition, the apodisation
function depends on the lens filling factor (f0), that represents
the ratio between the beam and the lens transverse size at
the lens plane, and on θmax, which is the angular aperture
of the lens, in turn dependent on the chosen value of NA
(NA ∝ sin θmax).

Comparing (5) with (2), the general expression of the incident
field can be written similarly to (3) as

|Ein, E0x, E0y, �〉 = Cfw(θ) (E0x |H, �〉+ E0y |V, �〉) . (6)

Given the symmetry of the system, the integration of the angular
spectrum is then performed in cylindrical coordinates, taking
advantage of the integral definition of the Bessel functions of
the first kind. When calculations are performed for the meta-
material system, the same prescriptions are followed with a
piecewise definition of the electric field. In this case, similarly
to the TMM approach, the Fresnel coefficients are calculated
and then included in the piecewise integration. The incident
beam is focused in the middle of the metamaterial slab (z = zF )
where the lens focus is. All the field intensity distributions are
calculated over a plane located at a geometrical distance from
the focus zS − zF = 10λENZ. The optical path takes into account
the beam propagation through the different layers, depending on
whether the simulations are carried out for propagation in free
space or through the metamaterial.

III. RESULTS AND DISCUSSION

A. Azimuthalisation of VVBs With Varying Topological Charge

In order to understand the VVB propagation in a strongly
anisotropic metamaterial, the SOPs of several vector field
structures |Ein, 1, 0, �〉 carrying various topological charges
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Fig. 2. (a–d) The dependence on focusing condition, described by NA, of (a,b) the longitudinal field intensity and (c,d) the azimuthal component of the SOP
(7), both integrated over the transverse x− y plane, for the VVBs with different topological charges � propagating through (a,c) free space (FS) and (b,d) the
metamaterial (MM). The incident beam is radially polarised (E0x = 1, E0y = 0, |�| ∈ [0, 3]). (e–h) The dependence on the ellipticity, described by Im(E0y),
of the same parameters as in (a–d), when the VVB is focused with NA = 0.4. Insets show the intensity distributions of the transverse field in the focal plane for
selected VVBs together with their polarisation patterns. The wavelength corresponds to the ENZ regime λENZ = 655 nm. The longitudinal field is normalised to
the total intensity of the field. The behaviour of the integrated longitudinal intensity in (b,f) can only be distinguished between the cases � = 1 and � �= 1 due to
the overlap of all the curves for � �= 1. In all the panels, curves are rendered with a dashed line in case of overlapping. (i–k) Extinction spectra of the metamaterial,
obtained at normal incidence under tight focusing (NA = 0.85) of VVBs with (i) E0x = 1, E0y = 0, (j) E0x = 1, E0y = 0.5i, and (k) E0x = 1, E0y = i for
|�| ∈ [0, 1]. The azimuthal polarisation (E0x = 0, E0y = 1, � = 1, labelled as 1-A, to distinguish from the radial case 1-R) is shown for reference.

(� = 0,±1,±2,±3) were simulated under different focusing
conditions after the propagation through the metamaterial at
the wavelengths corresponding to different dispersion regimes
and compared to free-space propagation (Figs. 2 and 3). The
integral (across the beam) of the intensity distributions of the
longitudinal field obtained for several VVBs indeed shows that
the pure radial SOP (� = 1) exhibit the strongest longitudinal
field when propagating in free space, which increases with the
focusing (Fig. 2(a)).

The pronounced diffraction effects are also observed for
strong focusing (Fig. 3). (The SOP of the incident VVBs (not
shown in the figures) is practically indistinguishable from the
free space propagation for low NAs.) After propagation through
the metamaterial, the longitudinal field at the ENZ wavelength
significantly decreases (Fig. 2(b)), becoming almost negligible
for topological charges � �= 1. This is due to strong extinction of
the field directed along the the optical axis of the metamaterial,
i.e., along the nanorods (Fig. 1(c)).
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Fig. 3. Simulated intensity distributions of the transverse electric field upon propagation in free space and through the metamaterial for illumination with (top
row) NA = 0.1 and (bottom row) NA = 0.85. Polarisation distributions are superimposed onto each panel. In each panel, left insets show the intensity distributions
of the longitudinal field, and right insets show the projection onto the azimuthal state A� (7). All intensity distributions are independently normalised to their own
maximum. The SOPs of the incident VVBs (not shown) are practically indistinguishable from the free space propagation for low NA.

The effect of the metamaterial on the VVB polarisation is easy
to understand comparing the intensity distributions and polarisa-
tion configurations for different focusing conditions (NA= 0.1
and 0.85) of the beams |Ein, 1, 0, �〉 with � = 0,±1 (Fig. 3).
At the ENZ wavelengths, the extinction of longitudinal and
transverse fields are significantly different in the metamaterial:
a strong extinction of the field along the nanorods and a weak
one for the field normal to them (Fig. 1(c)). In paraxial regime
(low NA), the extinction of a weak longitudinal field in the
metamaterial is not significant to achieve strong modification
of the transverse polarisation distribution through (1). However,
for higher NA, the longitudinal field contribution to the VVB
becomes important and its decrease in the metamaterial results in
the azimuthalisation of the transmitted VVB for all topological
charges, but � = 1 (Fig. 3). This is clearly reflected in the
extinction spectra of the different VVBs (cf. Figs. 1(c) and 2(i)).
While a plane wave at normal incidence is not affected by the
ENZ, the ENZ-related extinction peak, observed for a plane
wave illumination at oblique incidence, is indeed recovered
at normal incidence for the radially polarised VVBs with a
strong longitudinal field. On the other hand, when the SOP
is azimuthalised and cannot support a longitudinal field, the
ENZ-related extinction is suppressed.

To quantify the azimuthalisation effect, we calculate the SOP
projection onto the azimuthal state |A〉 defined as

A�(x, y) = || 〈A|Ein, E0x, E0y, �〉 ||2 ∈ [0, 1] . (7)

Here, the bra-ket notation is used to indicate the scalar product
between the SOP of interest and the azimuthal state |A〉 and || · ||
is the norm of the scalar product. Finally, we define the “degree
of azimuthalisation” as the integral of A� over the transverse
plane.

One can see a clear correspondence between the patterns
where A� tends to 1 (orange) and the longitudinal field intensity

tends to zero (black) (Fig. 3). Given the characteristics of the
states |R〉 and |A〉, the region of lower intensity of the longitu-
dinal field corresponds in fact to the region of stronger azimuthal
component. The map of the azimuthalisation parameterA�(x, y)
shows that the azimuthalisation varies across the beam with a
pattern dependent on the topological charge. The slight increase
in A� with NA, observed in the case of free space propagation,
can be ascribed to the astigmatism the beam develops as a
consequence of the tight focusing. Even for a beam as simple as a
linearly polarised Gaussian beam, the transverse intensity distri-
bution in the focal plane becomes asymmetric, resulting in small
modifications of the SOP (top-left inset, Fig. 2(c)) that in turn
have a non-zero contribution to the degree of azimuthalisation.
Lastly, one can notice the dependence of A� on the topological
charge of the beam, which is inherently related to the symmetry
of each SOP. The polarisation patterns of VVBs with topological
charge � > 0 possess in fact an azimuthal component inherently
higher than the ones of VVBs with � < 0 (cf. insets in Fig. 2(c))
due to the phase difference introduced by the topological charge.

The comparison of the SOPs of different vortex beams prop-
agating in free space and through the metamaterial clearly
shows an increase in the degree of azimuthalisation in the case
of the ENZ regime and for stronger focusing, for which the
longitudinal component of the field increases (Fig. 2(c),(d)).
Due to the strong anisotropy and efficient interaction with the
longitudinal fields, the metamaterial removes energy from the
longitudinal field, breaking the balance between the transverse
and longitudinal field components. How strongly the longitu-
dinal field is reduced depends on the choice of the wavelength
and/or the thickness of the metamaterial. Hence, the achieved
modification of the longitudinal field weakens (or even to high
degree eliminates) the radial component of the VVB beams, so
that the azimuthal component of the beams becomes dominant
after propagation through the metamaterial. Since azimuthal
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Fig. 4. Simulated intensity distributions of the transverse field components of VVBs with different ellipticity (E0x = 1, E0y = 0.5i, i,−i) and topological
charge (� = 0, ±1) as indicated in the panels, for propagation (b) in free space (FS), the same for all wavelengths, and (a,c,d) through the metamaterial (MM) for
the wavelengths in (a) ENZ (λENZ = 655 nm), (c) elliptical (λE = 430 nm), and (d) hyperbolic (λH = 850 nm) regimes. Polarisation distributions are superposed
on each intensity distribution. The intensity distributions are independently normalised to their own maximum. NA = 0.85 in all panels but the first row of
(a) where NA = 0.1. In each panel of (a), left insets show the intensity distributions of the longitudinal field, and right inserts show the projection onto the azimuthal
state A� (7).

polarisation can be represented as two opposite circular polari-
sations with a phase shift between them, the observed effect can
be considered as a particular case of spin-orbit coupling.

These observations are consistent with the considerations that
when the metamaterial removes energy from the longitudinal
field, its transverse counterpart will have to re-arrange in such a

fashion that can withstand a null longitudinal field, and this can
only be an azimuthal SOP, which is divergence free. The special
case is a pure radial polarisation (|Ein, 1, 0, 1〉). In this case, even
though the propagation through the metamaterial does reduce the
longitudinal field intensity to a much lower value than in free
space (Fig. 2), the symmetry of the transverse SOP prevents
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azimuthalisation. Hence, a purely radial polarisation is shown
to be resilient to the azimuthalisation induced by the interaction
with the metamaterial. For the wavelengths away from the ENZ
condition, where the extinction of the longitudinal field in the
metamaterial is negligible at longer wavelengths or comparable
to the absorption of the transverse field at shorter wavelengths
(Fig. 1(c)), the balance between the field components is pre-
served and no appreciable azimuthalisation is observed.

B. Locally Elliptical SOPs

Any SOP decomposed onto an orthogonal basis will always
posses a non-zero projection on both the basis vectors, apart
when the SOP coincides with one of the basis vectors. In this
regard, the resilience of the radial SOP shown in the previous
section can be seen as a fundamental property of a purely radial
polarisation that could potentially be affected by imperfections
of the SOP pattern. One way to achieve a beam with imperfec-
tions, so far considered to be locally linear, is to introduce the
local ellipticity of the SOP (i.e. adding a non-zero spin density
to the initial beam). This can be achieved by increasing the
imaginary part of the coefficientE0y in (6) in a range [0, 1]i. This
has a profound effect on the azimuthalisation (Fig. 2(e)–(h)).

For free space propagation, the immediate consequence of
an increasing ellipticity is a decrease of the intensity of the
longitudinal field for the same NA (cf. Fig. 2(a) and (e) as well
as Figs. 3 and 4(a)). The weaker longitudinal field again results
in the suppression of the ENZ-related extinction, even in the
case of a radial SOP (Fig. 2(i),(j)). The weaker longitudinal
field translates, the same as above, in azimuthalisation for all
topological charges, in this case, also including � = 1. For high
NA, the resilience of the original radial polarisation is lost,
resulting in a SOP almost completely reshaped into an azimuthal
pattern at the ENZ wavelength, both in its local linearity and its
global symmetry (Fig. 4(a)). The azimuthalisation dependence
on the topological charge maybe due to different phase advances
dependent on the topological charge. It is also interesting to note
the increase of the beam size for the not-ideal radial beam in the
strong focusing regime. This can be explained by the reduction
of the longitudinal field in the VVB after the azimuthalisation,
which maybe essential for filtering diffraction effects.

C. Generation of Polarisation Vortices

In the case of uniform circular polarisation (E0y = ±i), at
around the ENZ wavelength, the behaviour is very similar to
the elliptical polarisation (Fig. 4(a)), with no significant im-
provements in the azimuthalisation observed. However, at the
wavelengths away from the ENZ-related extinction, the cou-
pling between the longitudinal field generated upon focusing
and the metamaterial is decreased and, consequently, the de-
gree of azimuthalisation for all the SOPs is visibly lowered.
Counterintuitively, the additional deviation from an azimuthal
pattern is observed indicating at the emergence of a polarisation
vortex (Fig. 4(b)–(d)). In the case of propagation in free space
(Fig. 4(b)), the SOP does not show any appreciable variation
upon focusing when the value of topological charge is changed
for either locally elliptical or locally circular polarisation states.

However, in the case of propagation through the metamaterial
(Fig. 4(c),(d)), the emergence of a polarisation vortex is evident
for all the SOPs. In this case, for purely circularly polarised
beams E0y = ±i, vortex generation is practically independent
on the topological charge if � �= 0, and the direction of vortex
does not depend on the sign of the topological charge. However,
for a given value of �, the orientation of the vortex flips with
the SOP helicity. At the same time, for a given helicity σ = ±1
of the initial SOP, the vortex orientation flips with the sign of
Re(εz), when the wavelength is crossing the ENZ regime. We
define the parameter ξ = σsign[Re(εz)]) so that a positive value
of ξ corresponds to a left handed vortex (in the observer frame),
and ξ < 0 corresponds to a right handed vortex. For σ = −1
(Fig. 4(c),(d)), bottom row), the right-handed vortex (sign(ξ) =
−1) is observed in the elliptic dispersion regime of the metama-
terial, practically absent vorticity at the ENZ wavelengths, and
the left-handed vortex (sign(ξ) = 1) in the hyperbolic regime,
related to the different phase advances in the different dispersion
regimes. In the ENZ regime, the phase advance is negligible, so
the vorticity can not efficiently develop while propagating in
the metamaterial. The appearance of vorticity is a manifestation
of the conservation of orbital momentum [35] in the spin-orbit
coupling. This coupling is strongly enhanced in the metamaterial
due to the associated phase evolution in the anisotropic regime.
The spin-orbit coupling and the accompanying transfer of a spin
momentum to an orbital momentum of light take place also in
free space under strong focusing [13], [36], as it can be seen
in Fig. 4(b). The latter is responsible for the observed weak
vorticity in the ENZ regime (Fig. 4(a)), which is due to the
propagation in free space after the metamaterial. It should be
noted a nonuniform distribution of the vorticity from the beam
centre. For propagation in free-space or the metamaterial in the
ENZ regime, the polarisation vortex is localised near the centre
of the beam, while for hyperbolic and elliptic dispersion regimes,
it covers the entire cross section of the beam.

IV. CONCLUSION

We investigated how strongly anisotropic ENZ metamaterials
affect polarisation properties of focused vector vortex beams,
in particular generalised radial beams with higher topological
charges. The propagation of VVBs through the metamaterial
was simulated with the Richards-Wolf theory in the effective
medium approximation for different dispersion regimes and
focusing conditions. The effect of an increasing focusing power
is an increase of the longitudinal field of the beam, which can
be strongly modified by the metamaterial through anisotropic
extinction. As a consequence of the strong relation between
the transverse and longitudinal field components in the VVBs,
imposed by the Maxwell’s equations, the modifications of the
longitudinal field alter the transverse polarisation of the beam.

It was shown that for the generalised radially polarised beams
with topological charge � �= 1, the metamaterial behaves as an
azimuthal polariser for the wavelengths in the epsilon-near-zero
dispersion regime, which can be considered as a consequence
of spin-orbit coupling. A pure radial beam (� = 1) is however
resilient to the azimuthalisation due to the phase symmetry
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considerations. The resilience is lost if the symmetry is broken,
for example, in the non-ideal radial beams with a non-negligible
degree of local ellipticity (spin angular momentum) of the inci-
dent beam. The increase in the spin density from linear to circular
polarised VVBs also leads to the generation of optical angular
momentum manifesting in the rise of vortex-like behaviour in the
polarisation of the beam after propagation through the metama-
terial. The direction of the vorticity depends on the handedness
of the incident polarisation and is different in elliptical and
hyperbolic regimes of the metamaterial dispersion.

The observed effects may be useful for manipulation of
vector beams with complex polarisation structures, required in
imaging, metrology, data communications, material processing,
atomic and molecular spectroscopy, nonlinear optics as well as
quantum technologies.

DATA AVAILABILITY

All the data supporting finding of this work are presented in
the Results section and are available from the corresponding
author upon reasonable request.
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