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Abstract: Polarization- and wavelength-sensitive absorbers for homogeneous electromagnetic
waves are crucial in photovoltaics, imaging, and telecommunications. Here, we report on an
absorber selective to the topological structure of light. An electromagnetic beam or pulse
containing polarization singularities can be fully dissipated by the absorber, while plane waves
are rejected regardless of their polarization. The absorber comprises a conical mirror coaxial
with the incident propagating beam, which the mirror converts into a standing wave defined by
the geometrical Pancharatnam—Berry phase accumulated upon reflection on the mirror. If a
“nanowire” absorber is placed along the axis of the cone, singularly-polarized light can create
an antinode of the standing wave at the absorber and nearly perfect dissipation of light’s energy
is achievable regardless of the wavelength. The selective absorber of topologically structured
light is of interest for energy harvesting, detection, filtering, and telecommunications
applications.

1. Introduction

Over the last decade, there has been an explosion of interest in the topology of light waves,
such as radially and azimuthally polarized light beams and beams carrying orbital angular
momentum [1], superoscillatory light [2], and more complex spatiotemporal electromagnetic
excitations [3] including space-time nonseparable pulses [4, 5]. The intense interest in
topologically structured light is fuelled by possible applications in imaging [6], metrology [7],
communication [8, 9], and advanced spectroscopies. To characterize light’s topological features,
such as phase and polarization singularities, an expanding toolbox has been developed,
including interferometric approaches [10-12], mode sorting and decomposition [13], diffraction
through gratings and apertures [13-18]. However, said approaches rely on cumbersome setups
and/or multiple measurements. Here, we show that a beam or electromagnetic pulse containing
a polarization singularity can be absorbed by the proposed device, whereas plane waves of any
polarization will be rejected, thus simplifying the process of detecting a polarization singularity
to a trivial absorption measurement. As a proof of principle demonstration, we consider radially
and azimuthally polarized beams, as well as space-time non-separable toroidal light pulses [19].
We provide a qualitative explanation of the topological light absorber based on
geometrical Pancharatnam—Berry phase accumulation and develop its analytical description
using Mie scattering theory.

Our absorber harnesses Coherent Perfect Absorption (CPA) to achieve high dissipation in the
absorber. This phenomenon has been investigated in homogeneous [20] and nanostructured
thin films [21] followed by studies of CPA in a wide range of systems, including waveguides
and optical fibres [22-24], PT-symmetric media [25, 26], nanoparticles [27], and random
structures [28, 29]. The concept of CPA was translated to the quantum regime [30], leading to
the observation of a number of intriguing physical effects, such as deterministic single photon
absorption [31, 32], the anti-Hong-Ou-Mandel effect [33], nonlocal control of photon
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absorption [34], to name a few. Numerous applications of CPA have been put forward, for
instance all-optical switching [35] and gating [36], optical signal processing [37-39], multipole
spectroscopy [40], entanglement generation [41], and dynamic focusing [42]. With a handful
of exceptions [42, 43], CPA is primarily concerned with conventional forms of light, e.g. plane
waves and Gaussian beams, while its potential for controlling more complex forms of light
remains largely unexplored.

The topological light absorber presented in this paper comprises a conical mirror that shall be
coaxial with the propagation direction of the incident light beam and a one-dimensional
absorbing element placed along the cone's axis. For practical implementations, such an element
can be a nanowire of a diameter much smaller than the wavelength of light. Reflection in the
conical mirror converts the incident light into a standing wave centered on the nanowire, which
allows the regime of either perfect absorption or perfect transmission on the nanowire to be
realized, similar to the interference of plane waves on a thin planar absorbing film [21]. Such a
geometry has been considered before as a way of selectively absorbing and discriminating
against beams with different OAM states [44]. Our work differs from this previous
investigation by studying the absorption of light with polarization singularities rather than
phase singularities.

Although Mie scattering theory of the absorption process will be considered below, it is
insightful to present a toy model of the device based on geometrical optics. We consider linearly
polarized light (e.g. in the form of a plane wave or a well-collimated Gaussian beam)
propagating collinearly with the cone axis. The response of the absorber is then investigated in
two characteristic planes encompassing the axis of the cone: one that is parallel to the
polarization of incident light and one that is normal to the incident polarization.

First, we will discuss the counterintuitive vanishing absorption under illumination with a
homogeneous plane wave of any polarization. An illustration of this scenario is given in Fig. 1.
If we consider a plane containing the incident polarization (see Fig. 1a), light in channels 1 and
2 will undergo polarization rotation at + 90 deg. and - 90 deg, respectively, as indicated by the
solid green arrows and shown on the Poincare sphere (Fig. 1b). Depending on the direction of
polarization rotation, the geometrical Pancharatnam—Berry phases before and after reflection
differ by an amount equal to half of the solid angle encompassed by their trajectory on the
Poincare spheres: waves in channels 1 and 2 will gain geometrical phase of y; = -n/2 and y, =
+71/2, respectively. As a result, they will arrive at the nanowire absorber in antiphase creating a
node of the standing wave, i.e. zero electric field amplitude at the nanowire. No absorption will
take place in the nanowire in this case. In the plane normal to the incident polarization (see Fig.
1¢), the polarization of light does not change upon reflection. Waves in channels 3 and 4 arrive
at the nanowire with the same phase. However, light with polarization perpendicular to the one-
dimensional absorber does not interact with it. No absorption will take place here either. A
plane wave of arbitrary polarization can be presented as a superposition of the two scenarios
considered here and thus will not be absorbed but it will be rejected by the device.



ATy e

Linearly polarized Linearly polarized

wave wave

b)

Fig. 1. Interaction of the topological light absorber with linearly polarized waves. (a) In the plane
that contains the incident polarization (see red arrows) and the axis of the cone, reflection on the conical
mirror results in a change of polarization accompanied by accumulation of geometrical phase, as
illustrated on the Poincare sphere (b). This leads to destructive interference of the reflected fields on the
absorber. (c) In the plane that is normal to the incident polarization and contains the axis of the cone, there
is no geometric phase accumulation upon reflection, resulting in constructive interference on the one-
dimensional absorber. However, the polarization is normal to the absorber axis and as such dissipation is
negligible.

Let us now consider two cases of electromagnetic waves containing v point polarization
singularities with an index of unity, radially and azimuthally polarized waves, as illustrated in
Fig. 2. If the incident wave is radially polarized (see Fig. 2a), light in channels 1 and 2 will
undergo polarization rotation at + 90 deg. and - 90 deg., correspondingly, as indicated by the
solid green arrows and shown on the Poincare sphere (see Fig. 2b) gaining geometrical phases
of yi = - m/2 and v, = +n/2, correspondingly. Although initially the waves in channels 1 and 2
were in antiphase, they arrive at the nanowire absorber in-phase creating an anti-node of the
standing wave and leading to strong absorption of light in the nanowire. On the contrary, if the
incident wave is azimuthally polarized, Fig. 2c, the polarization of light does not change upon
reflection, and waves in channels 3 and 4 arrive at the nanowire with opposite phases creating
a node of the standing wave at the nanowire position. Low absorption will take place in the
nanowire in this case. The electric field moduli for the cases of radial and azimuthal polarization
are shown in Fig. 2d&e respectively. We can see that the constructive interference, which
occurs at the centre of the nanowire for radial polarization, results in a maximum of the electric
field at the nanowire. Conversely, the destructive interference, which occurs with azimuthal
polarization, results in no electric field at the nanowire centre, thus the device acts as a binary
classifier distinguishing between radial and azimuthal polarisations. Additionally, the device is
capable of detecting Neel and Bloch type optical skyrmions, since the transverse field structure
is the same as that of radially and azimuthally polarized light respectively [45]. It should be
noted that while the device can distinguish between radially and azimuthally polarized light, it
cannot distinguish between arbitrary beams with V-point singularities, as higher order vectorial
beams will be completely rejected or only partially absorbed [46]. This is because when the
index of the V-point is not unity, the light can no longer be exclusively s or p-polarized with
respect to the conical reflector. Furthermore, some antipode parts of the beam may be p-



polarized, however they are in antiphase, resulting in poor dissipation. Also, certain types and
indices of V-points result in similar levels of dissipation, meaning it is not possible to
discriminate between them solely using the proposed device. The same can be said for C-point
singularities, depending on the order and intensity distribution of the beam, they will be
completely rejected or partially absorbed [47]. Beams with Mobius strip type polarization
structures will be fully rejected as antipode parts of the beam are orthogonally polarized
meaning no interference can take place [48]. Light with a phase singularity (orbital angular
momentum) is absorbed at 50% as full constructive interference of electric field components
along the absorber is allowed only in plane containing the incident polarization (see also
Supplementary Section S1). Note, for TM incident light, if the absorber is displaced from the
central axis the cone, the absorber is no longer at the antinode of the standing wave.
Consequently, the field values and dissipation inside the absorber will decrease. For TE incident
light, displacement of the nanowire from the central axis of the cone may cause dissipation to
increase as it is a standing wave node, therefore the region surrounding the central axis has
higher electric field values.
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Fig. 2. Interaction of the light absorber with topologically structured light. (a) In the case of incident
radially polarized light, reflection on the conical mirror results in a change of the polarization state and
is accompanied by an accumulation of geometric phase between waves in channels 1 and 2: while initially
in antiphase, after reflection the electric field in channels 1 and 2 becomes in-phase leading to
constructive interference on the absorber. (b) A pair of Poincare spheres illustrates the change in
polarization upon reflection on antipodal positions on the mirror, corresponding to channels 1 and 2. (c)
In the case of azimuthally polarized light, there is no geometric phase accumulation upon reflection,
resulting in destructive interference on the one-dimensional absorber: the device does not absorb the
incident wave. (d-e¢) Numerically calculated, top-down electric field maps around the nanowire under
illumination with radially (d) and azimuthally polarized light (e) showing constructive and destructive
interference, respectively. The electric field maps are normalized to the peak amplitude of the incident
wave.

The simplified analysis outlined above has demonstrated that light with a polarization
singularity can be absorbed by a one-dimensional absorber with a conical illuminator, while
homogeneous plane waves of any polarization are rejected.



2. Results and discussion

Absorption on the nanowire in a cylindrical standing wave is fundamentally similar to the
phenomenon of “perfect absorption” and “perfect transmission” on a film of subwavelength
thickness in a standing plane wave [49]. In the case of a standing plane wave, the light will be
deterministically dissipated if the absorber is placed in the antinode of the wave and exhibits
50% travelling wave absorptivity and 25% reflectivity from either side [31]. To derive
conditions for efficient absorption in cylindrical standing wave geometry, we outline an
analytical theory of absorption in a one-dimensional absorber with a conical illuminator using
the Mie scattering problem [50, 51].

For simplicity, we assume an infinitely long perfectly conducting cone and nanowire of
complex refractive index n=n’+in"" and radius « that is illuminated by a wave of cylindrical
symmetry containing a polarization singularity, with either transverse electric (TE) or
transverse magnetic (TM) polarization (e.g. radially or azimuthally polarized light). Here, the
amplitude of the corresponding scattered fields is given by (see Supplementary Section S1):
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where k = 21 /A is the free-space wavevector, J, and H(gl) are the 0-th order Bessel and Hankel

functions of the first kind, J; and Hél)'are the corresponding derivatives with respect to the
radial coordinate p. The outward propagating scattered field due to the absorber is therefore
given by bTMH(gI)(kp) and bTEHél)'(kp) for TM and TE incident light respectively. The
resulting total field profiles due to both incident and scattered radiation are shown in Figs.
2.a&b for TM and TE incident light respectively. From here absorption in the device can be
calculated as:

Arp =1—4[0.5 = brg|? (3)
Ary =1—4{0.5 = bryl?, “4)

The toy model illustrated in Figs.1&2 assumes infinitely thin absorbing nanowires. The
practical realization of the device will inevitably require wire absorbers of finite diameter. This
opens opportunities for new functionalities as absorption depends on the refractive index and
the radius-to-wavelength ratio, a/A. Figures 3a&b present absorption, i.e. the fraction of
dissipated energy, as a function of the complex refractive index of the nanowire n = n’ + in"’
for a fixed nanowire radius a« = 4/20 under illumination with radially (a) and azimuthally (b)
polarized light. For radially polarized light, a regime close to perfect absorption can be achieved
for n = 3 4+ 1.1i. In contrast to infinitely thin absorbers, resonant full absorption can also occur
for azimuthally polarized light in the nanowire with a higher refractive index, e.g. n = 7.5 +
0.2i as shown in Fig. 3b. For a finite-thickness nanowire, strong absorption of azimuthally
polarized light is possible because the electric field, as described by J; (nkp), reaches maximum
inside the nanowire at nkp = 1.83, corresponding to p = A/26. Here J; is a first order Bessel
function of the first kind, k is the free space wavenumber and p is the radial position coordinate.

The dependence of absorption on the radius of the nanowire for a fixed real part of the refractive
index n’ and varying loss n” is shown in Figs. 3c&d. Here, complete absorption for both
radially and azimuthally polarized light can occur at a« = A1/20 and for n=3 and »n=7.5,
respectively. Additionally, complete absorption is observed also at a = A/8 for azimuthally



polarized light. Note, when a = 4/20 and for n=3, whilst radially polarised light is completely
absorbed, linearly polarised light is only 8% absorbed, which indicates the topologically
sensitive behaviour of the device (see also Supplementary Section S3).
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Fig. 3. Performance of the topological light absorber. Absorption as a function of the nanowire’s
complex refractive index under illumination with radially (a) and azimuthally (b) polarized light for a
nanowire with radius of a = A/20. (c-d) Absorption as a function of nanowire radius and imaginary part
of the refractive index, under illumination with radially (c) and azimuthally (d) polarized light. The real
part of the nanowire refractive index is n’=3 and n’=7.5 for (c) and (d), respectively. Panels (b,d) indicate
that the conditions for perfect absorption can be reached for azimuthally polarized light too, in the case of
high refractive index nanowires.

In a standing light wave, total transmission of light and strong absorption takes place if a thin
flat absorber film is placed in either its node or antinode. For a film absorbing 50% and
reflecting 25% of the energy of a travelling wave, perfect absorption occurs at a standing wave
antinode irrespectively to the wavelength of light [21]. The finite thickness of the absorber and
the departure of its reflectance and absorption from the ideal values results in the wavelength
dependence of the strength of absorption. Similar behavior is exhibited by the topological light
absorber. Depending on the nanowire radius « the regime of perfect absorption can only be
achieved for certain values of the complex refractive index n = n' + in"’ | as seen in Figs. 4a&b,
where the refractive index required for complete absorption is plotted as a function of a/A. In
the optical regime, there are real materials that satisfy these conditions closely. One example is
Zirconium, which achieved an average absorption of 88% between 300nm and 1300nm for a
40nm radius absorber (see Supplementary Section S4).

The concept of the topological light absorber can be practically implemented across the
electromagnetic spectrum, subject only to fabrication limitations. Indeed, a microwave device
can be manufactured by CNC machining, whereas in the THz range a topological light absorber
can be fabricated by a combination of laser micromachining and imprint approaches. Further,



deposition assisted by focused ion beam (FIB) allows the fabrication of high-aspect ratio
nanostructures, enabling absorbers targeting the mid-IR and optical wavelengths.
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Fig. 4. Conditions of perfect absorption for nanowires of different radii. (a) radially polarized light,
(b) azimuthally polarized light.

The proposed detector scheme exhibits excellent selectivity for topologically structured
electromagnetic pulses. This is illustrated with space-time nonseparable Toroidal Light Pulses
that exist in complementary radially (TM) and azimuthally (TE) polarized forms [52]. Using
characteristics of a recent experimental demonstration of such pulses [19], i.e. a central
wavelength of 800 nm and bandwidth of 200 nm we show that, with a WTe, nanowire (o =
32nm), 98% of the energy of the TM pulse is absorbed, while 98% of the TE pulse is rejected
(see Fig. 5). The absorption of TLPs corresponds closely to that of a radially or azimuthally
polarized beam with the same spectral content. This is consistent with previous work showing
that the TLP can be decomposed into a superposition of monochromatic radially or azimuthally
polarized beams [53]. The response of the device to linearly polarized light is similar to that of
TE TLPs, they are rejected at levels >90%, which is consistent with the theoretical prediction
based on geometric phase outlined in Fig. 1. For similar reasons, circularly polarized pulses
will also be rejected (see Supplementary Section S5).
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Fig. 5. Absorption of Toroidal Light Pulses. (a) Conceptual schematic of topological light absorber and
incident TM Toroidal Light Pulses. (b) Spectral dependence of absorption with a WTe2 nanowire. The
dashed lines represent the spectral envelope of the experimentally generated Toroidal Light Pulses.



3. Conclusion

We report an absorber selective to the topological structure of the incident light, allowing it to
be used for topology-selective light management and detection in spectroscopic,
telecommunication and metrology applications.
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