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Structured illumination allows for satisfying the first Kerker condition of in-phase perpendicular
electric and magnetic dipole moments in any isotropic scatterer that supports electric and magnetic
dipolar resonances. The induced Huygens’ dipole may be utilized for unidirectional coupling to
waveguide modes that propagate transverse to the excitation beam. We study two configurations of
a Huygens’ dipole – longitudinal electric and transverse magnetic dipole moments or vice versa. We
experimentally show that only the radially polarized emission of the first and azimuthally polarized
emission of the second configuration are directional in the far-field. This polarization selectivity
implies that directional excitation of either TM or TE waveguide modes is possible. Applying this
concept to a single nanoantenna excited with structured light, we are able to experimentally achieve
scattering directivities of around 23 dB and 18 dB in TM and TE modes, respectively. This strong
directivity paves the way for tunable polarization-controlled nanoscale light routing and applications
in optical metrology, localization microscopy and on-chip optical devices.
PACS numbers: 03.50.De, 42.25.Ja, 42.50.Tx

I.

INTRODUCTION

In 1983, Kerker et al. predicted directional antennalike scattering by magneto-dielectric particles [1] owing
to the interference of the excited in-phase perpendicular electric and magnetic dipole moments. Such
dipole source was termed Huygens’ dipole and it is
associated with increased forward\suppressed backward scattering [2, 3]. The prediction of directional
scattering under plane-wave illumination, supported
by experimental demonstrations [2–4], and multipolar
generalized versions of it [5–9] turned out to be seminal
in the field of optical antennas [10–14]. Considerable
efforts have been made to confine the radiated power by
single nano-antennas [15–20] and metasurfaces [21–24]
into an even narrower angular range. These directive
nano-antennas coupled to single emitters allow for
controlling the emission intensity distribution [24–30]
and polarization [31–34].
Inducing a Huygens’ dipole in a nanoparticle under
plane-wave illumination requires that the nanoparticle
has equal first order electric a1 and magnetic b1 Mie
coefficients [1]. Importantly, a dipolar scatterer responds
only to the local electric and magnetic fields, while
Maxwell’s equations locally permit any configuration
of these electromagnetic field vectors [35, 36]. Consequently, structured illumination allows for exciting [37]
an arbitrary oriented Huygens’ dipole in any isotropic
dipolar scatterer (assuming a1 , b1 6= 0) and, hence,
unidirectional scattering along any axis. The first experimental observation of a Huygens’ dipole that emits light
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directionally transverse to the propagation direction
of the excitation beam was reported recently [38, 39]
using structured illumination and a Si nanoparticle with
|a1 |6= |b1 |, while the relative phase between Mie coefficients Arg(b1 /a1 )≈π/2 compensated for the inherent
phase of the structured excitation field [40, 41]. The
observed phenomena was referred to as “transverse
Kerker scattering”.
In this communication, we report on an experimental
polarization resolved quantitative study of transverse
Kerker scattering phenomena using a spatially varying
cylindrical polarization basis. We utilize two possible
realizations of a Huygens’ dipole — an in-phase longitudinal electric and transverse magnetic dipole moments
(i ) and vice versa (ii ) — excited in a high-refractive
index dielectric spherical nanoparticle (a1 6= b1 ) with
structured illumination [38, 39]. Employing a spatially
varying cylindrical polarization basis, we directly confirm
that transversely directional light emission of (i ) and
(ii ) appears in the radially and azimuthally polarized
(TM and TE) components [20], respectively. We obtain
transverse scattering asymmetries of approximately 23
dB and 18 dB in radially and azimuthally polarized
components of the scattered light and conclude that
(i ) and (ii ) are capable of directional excitation of TM
and TE waveguide modes, respectively. Experimentally achieving these remarkable transverse scattering
asymmetries in the specific polarization modes using
an individual nanoantenna provides for a route towards
tunable polarization-controlled nanoscale light routing
for applications in optical metrology and on-chip optical
devices.

2
II.

THEORY

We start by briefly describing the excitation of a Huygens’ dipole in a Mie scatterer with structured illumination. Consider a radially polarized beam, which is tightly
focused by an aplanatic objective with high numerical
aperture (NA) [42]. In the vicinity of its geometrical
focus the field can be approximated by Efoc
rad (x, y, z)∝

xex + yey +

2ı
keff ez

exp (ıkeff z) [43, 44], with the Carte-

sian basis vectors eζ (ζ =x, y, z) and keff the effective
wavenumber [45]. We employ the Maxwell-Faraday equation for time harmonic electromagentic waves, Hfoc
rad =
−ı
foc
∇
×
E
,
to
obtain
the
focal
magnetic
field,
where
k
rad
kη
and η are the free-space wavenumber and impedance, respectively. Finally, we obtain the focal fields of a focused
azimuthally polarized beam via the electromagnetic duality transformation {E, H}→{H, −E}. This approach
leads to compact approximations of both beams in the
focal plane (z =0) as follows:
2ı
ez ,
(1)
Efoc
rad (x, y)=xex + yey +
keff
keff
Hfoc
(−yex + xey ) ,
(2)
rad (x, y)=
kη
Efoc
(3)
azi (x, y)=yex − xey ,


keff
2ı
Hfoc
xex + yey +
ez .
(4)
azi (x, y)=
kη
keff
We notice in Eqs. (1)-(4) that for the radially (azimuthally) polarized beam the longitudinal electric
(magnetic) field is ±π/2 dephased relatively to transverse magnetic (electric) field [40, 41]. Consequently,
as it was discussed in depth in [38, 39], a dipolar Mie
scatterer excited at a wavelength such that the Mie
coefficients compensate this phase Arg(b1 /a1 )=π/2
and positioned in the proximity of the optical axis
(owing to the cylindrical symmetry we only discuss
positions along the x-axis) allows for constructing the
Huygens’ dipoles (i ) and (ii ) using a focused radially and
azimuthally polarized beam, respectively [38, 39, 46].
Specifically, a radially polarized beam [Eqs. (1)-(2)]

rad
excites
p=−ıx|a1 |ex + k2eff |a1 |ez ≡ prad
and
x , 0, pz

keff
rad
m/c= k x|b1 |ey ≡ 0, my /c, 0 [38, 40, 47], where c is
the speed of light in vacuum. Here, prad
and mrad
conz
y
2|a1 |k
stitute a Huygens’ dipole (i ) at the position xi =± |b1 |k2
eff

while prad
is an unwanted parasitical component, whose
x
contribution is minimized if |a1 (λ) /b1 (λ)|1 [38, 48].
Alternatively,
an azimuthally polarized  beam
[Eqs. (3)-(4)] excites p=x|a1 |ey ≡ 0, pazi
and
y , 0
azi
/c,
0,
m
/c
[39].
m/c=−ı kkeff x|b1 |ex + k2 |b1 |ez ≡ mazi
x
z
In this case, mazi
and pazi
constitute a Huygens’
z
y
2|b1 |
dipole (ii ) at xii =± |a
, while mazi
is the unx
1 |k
wanted component, whose contribution is minimized if
|a1 (λ) /b1 (λ)|1 [39, 48].
To mimic the coupling of the Huygens’ dipoles (i ) and

(ii ) to a high-refractive index dielectric waveguide, we assume that the focal plane (z =0) constitutes a boundary
between two media – air (z <0) and dielectric (z >0) with
a refractive index n. The excited dipoles are positioned
in air at distance d above the interface (z <0 half-space).

T
The far-field scattered light E∞ (kx , ky )= ETM , ETE ,
coupled to the higher-density medium (z >0) in TM\TE
polarization basis can be written as [43, 49]:
"
#
#
"
k⊥ rad
kx kz rad
kx
rad
ETM
(i)
k⊥ k px − k pz + k⊥ my /c
∝CF
,
(5)
ky rad
k k
ETE
− ky⊥ kz mrad
(i)
y /c − k⊥ px
"
#
"
#
ky kz azi
ky
azi
ETM
p
−
m
/c
(ii)
∝CF kx azi k⊥ kkx kyz azik⊥ x k⊥ azi
, (6)
ETE
(ii)
k⊥ py − k⊥ k mx /c + k mz /c
where F=diag(tp , ts ) is the matrix of the
Fresnel
transmission
coefficients
[43],
C=


2 2
2 1/2
2
2 1/2
exp (ıkz d) k n − k⊥
/kz ,
k⊥ = kx + ky
≤nk

2
2 1/2
is the transverse wavenumber and kz = k − k⊥
has
a positive imaginary part = [kz ]≥0. Eqs. (5)-(6) show
that when neglecting the small transverse dipole compoand mazi
nents prad
x , (i ) and (ii ) can have directionality
x
only in TM and TE polarized emission, respectively.

III.

EXPERIMENT

As nanoantenna we choose a concentric core-shell
spherical nanoparticle, positioned on a glass substrate
(n=1.52) using a custom AFM-based pick-and-place
method [50], with the core radius of rSi =78 nm made
of crystalline silicon [51] and a 6 nm thick shell made of
SiO2 [51]. In Fig. 1 (a), we plot the first and second order
free-space Mie coefficients [52, 53] a1 , b1 , a2 , b2 , showing
that the scatterer is well characterized by its dipolar response for λ>520 nm. The plot in Fig. 1 (b) shows that
Arg(b1 /a1 )=π/2 at λi =620 nm and λii =520 nm, while
|a1 (λi )/b1 (λi )|<1 and |a1 (λii )/b1 (λii )|>1 in Fig. 1 (a).
Consequently, following our arguments in the previous
section and the detailed discussion in [38, 39], λi and
λii satisfy the conditions for the excitation of the Huygens’ dipoles (i ) and (ii ) using focused radially and azimuthally polarized beams, respectively, while the phase
delay between the Mie coefficients Arg(b1 /a1 )=π/2 is
compensated by the phase delay of the exciting field components as appears in Eq. (1)- (4).
Our setup [38, 54] is schematically depicted in Fig. 1 (c).
We prepare radially and azimuthally polarized beams using a q-plate [55] and spatially filter them [56]. The
resulting beams are focused by a high numerical aperture (NA=0.9) objective. The substrate is mounted
onto a 3D piezo actuator, allowing for precise positioning of the nanoparticle in the focal plane. The
transmitted and scattered light is collected by a confocally aligned index-matched immersion-type objective
(NA=1.4). The Fourier space (far-field) of the light
emitted by the nanoparticle is obtained in the back fo-
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Figure 1. (a) Absolute values of the first and second order Mie
coefficients of a core-shell nanoparticle with Si core of radius
rSi =78 nm and a SiO2 shell of thickness 6 nm in free-space.
(b) The corresponding phase difference between the first order Mie coefficients. The dotted vertical black lines show the
wavelengths λi =620 nm and λii =520 nm where the phase difference is approximately π/2. The solid vertical black lines
show the experimentally found wavelengths λexp
=620 nm and
i
λexp
ii =550 nm that give maximum transverse scattering asymmetry into TM and TE polarized modes, respectively. (c)
Experimental setup. An incident radially or azimuthally polarized beam is focused by a high numerical aperture (NA) objective onto the nanoparticle, positioned on a glass substrate,
which is actuated by a 3D piezo stage. An immersion-type
objective collects the transmitted and scattered light. The
back focal plane of the collecting objective is imaged onto
the polarization conversion-projection unit and imaged again
onto a camera. (d) Schematic presentation of the polarization
conversion-projection unit. The Θ-cell converts the impinging TM (radial) and TE (azimuthal) polarizations into linearly polarized Cartesian omponents (x and y), respectively,
introducing a π-phase singularity along x=0. The intensity
distribution in the TM and TE modes can be measured by
setting the transmission axis of the subsequent linear polarizer
(LP) to x and y, respectively, as shown for x.

cal plane (BFP) of the collecting objective up to the
transverse wavenumber k⊥ /k ≤1.4. The angular range
0.9<k⊥ /k ≤1.4 corresponds to scattered light only. We
image the BFP of the collecting objective onto a polarization conversion-projection unit consisting of a Θ-cell [57]
and a rotatable linear polarizer. The Θ-cell converts the
TM and TE polarized components into linear Cartesian
x and y polarized components, respectively, as illustrated
in Fig. 1 (d). The subsequent linear polarizer filters the
desired projection. The second lens in Fig. 1 (c) images
the BFP and resulting intensity distribution onto a camera.
Experimentally, we record |ETM |2 and |ETE |2 for radially and azimuthally polarized excitations at various
wavelengths and transverse positions of the nanoparticle. We find a maximum transverse scattering asymmetry in the TM mode with radially polarized excitation at a wavelength of λexp
=620 nm at the position
i
|xexp
|=150
nm
±
5
nm
with
expected
theoretical values
i
λi =620 nm and |xi |=160 nm. For azimuthally polarized
excitation the maximal asymmetry in the TE mode is

exp
found at λexp
ii =550 nm and |xii |=75 nm±5 nm with theoretical values λii =520 nm and |xii |=78 nm. The deviation from the theoretical values for radially polarized excitation originates from neglecting the reflected incident
field in Eqs. (1)-(2), neglecting the transverse electric
field in Eq. (1), substrate-induced bi-anisotropy [58, 59]
and linear approximation of the focal fields. For azimuthally polarized excitation, even larger deviations are
expected owing to the rising quadrupole contributions at
shorter wavelengths as seen in Fig. 1 (a). The mentioned
effects can be incorporated in the model using a T-matrix
approach [39, 60].
In Fig. 2 we plot the obtained polarization resolved BFP
images at λexp
=620 nm, xexp
=−150 nm for radially poi
i
exp
larized excitation (a) and at λexp
ii =550 nm, xii =75 nm
for azimuthally polarized excitation (c). Fig. 2 (a), (c)
clearly show that the Huygens’ dipole configurations (i )
and (ii ) lead to directional scattering in the TM component only for radial excitation (i ) and the TE component only (ii ) for azimuthal excitation. Hence, the
two configurations are also capable of directionally exciting TM and TE polarized waveguide modes, respectively.
The actual transverse scattering asymmetry into a specific polarization mode can be presented by plotting the
radiation diagrams. To this end, we evaluate the TE and
TM intensity components in the BFP images at the critical angle k⊥ =k using polar plots ρ (θ)=|ETE\TM |2 (θ),
as shown on the right-hand side of Fig. 2, where ρ is the
absolute value of radius vector and θ=tan−1 (ky /kx ). We
experimentally obtain directivity of approximately 23 dB
and 18 dB of coupling of the Huygens’ dipoles (i ) and (ii )
into TM and TE polarized modes, respectively.
Finally, we perform a nonlinear least squares fitting of the
experimental BFP images in Fig. 2 (a) and (c) with our
model in Eqs. (5) and (6) and summarize the results in
Table I. For the wavelength of λexp
=620 nm, we achieve
i
rad
a virtually perfect Huygens’ dipole (i ) — prad
z ≈−my /c
with a very significant parasitic component of prad
x . Nevdoes
not
influence
transverse
scattering
ertheless, prad
x
asymmetry into the TM polarized mode, since around the
critical angle k⊥ ≈k the longitudinal wavenumber kz ≈0
nullifies the contribution of prad
x , as appears in the first
line of Eq. (5). Moreover, prad
also does not influence the
x
transverse scattering asymmetry into the cross-polarized
TE mode, since along the scattering direction defined
by the kx -axis we have ky ≡0, which nullifies the contribution of prad
to the TE mode, as appears in the secx
ond line of Eq. (5). For the wavelength of λexp
ii =550 nm,
we achieve a virtually perfect Huygens’ dipole (ii ) —
azi
pazi
y ≈mz /c with a significant parasitic component of
azi
mx /c, which, following the same line of arguments as for
prad
x , does not influence the transverse scattering asymmetry. In Fig. 2 (b) and (d) we plot the corresponding
theoretical (fitted) BFP images and radiation patterns,
using the results shown in Tab. I and Eqs. (5)-(6).
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0
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0
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1
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px

py

ı0.51π

0.60e

0

0
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1

mx /c
0
ı1.25π

0 0.44e
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ı0.93π

mz /c
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0

0

1

Table I. Summary of the dipole moments retrieved from the
experimental BFP data shown in Fig. 2 (a), (c) and fitted
with Eqs. (5)-(6).
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Figure 2. (a) and (c) – polarization resolved measurements of
the far-field scattered light. The nanoantenna is positioned
in the focal plane of focused radially and azimuthally polarized beams at r=(−150 nm, 0, 0) and r=(75 nm, 0, 0), respectively. The plots show the intensity distribution in TM (radial) and TE (azimuthal) polarized modes in the back focal
plane (BFP) of the collecting objective. (b) and (d) – corresponding theoretical (fitted) BFP distributions calculated
with Eqs. (5)-(6). The dipole moments used to plot (b) and
(d) were obtained by a nonlinear least squares fitting of (a)
and (c) with Eqs. (5)-(6). The right column shows the corresponding radiation diagrams – the intensity distribution in
the BFP as a function of the polar angle θ=tan−1 (ky /kx ).

In conclusion, we have experimentally investigated the
polarization properties of Huygens’ dipoles induced by
structured illumination by analyzing their emission properties in cylindrical polarization basis. Utilizing a single
nanoantenna excited with structured light, we were able
to experimentally achieve transverse scattering asymmetries of around 23 dB and 18 dB in the radial (TM) and
azimuthal (TE) polarization mode, respectively. Our
scheme may find applications in optical metrology, localization microscopy and on-chip tunable polarizationcontrolled light routing.
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[38] M. Neugebauer, P. Woźniak, A. Bag, G. Leuchs, and
P. Banzer, Nature Communications 7, 11286 (2016).
[39] A. Bag, M. Neugebauer, P. Woźniak, G. Leuchs, and
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