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The electromagnetic field scattered by nano-objects contains a broad range of wave vectors and
can be efficiently coupled to waveguided modes. The dominant contribution to scattering from
subwavelength dielectric and plasmonic nanoparticles is determined by electric and magnetic dipolar
responses. Here, we experimentally demonstrate spectral and phase selective excitation of Janus
dipoles, sources with electric and magnetic dipoles oscillating out of phase, in order to control
near-field interference and directional coupling to waveguides. We show that by controlling the
polarisation state of the dipolar excitations and the excitation wavelength to adjust their relative
contributions, directionality and coupling strength can be fully tuned. Furthermore, we introduce a
novel spinning Janus dipole featuring cylindrical symmetry in the near and far field, which results in
either omnidirectional coupling or noncoupling. Controlling the propagation of guided light waves
via fast and robust near-field interference between polarisation components of a source is required
in many applications in nanophotonics and quantum optics.

Scattered fields from plasmonic and dielectric nanos-
tructures contain a broad range of wavevectors [1] which
make them suitable for efficient coupling to waveguided
modes, underpinning applications in photonic data ma-
nipulation, quantum technologies and precision metrol-
ogy. The multipole expansion of these fields can, in many
cases, be limited to the lowest-order multipoles. In par-
ticular, the optical response of small plasmonic nanopar-
ticles can be approximated by the lowest electric dipole
scattering contribution, while for high-index dielectric
nano-objects the dominating contributions are electric
and magnetic dipoles [2–6]. Controlling the relative am-
plitudes and phases between the induced dipoles allows
for complete engineering of the polarisation of the nanos-
tructured sources [3, 4, 7], leading to interesting near- and
far-field behaviours [6]. For example, spin-momentum
locking in guided modes [8] makes it possible to achieve
directionality of light using circularly polarised dipolar
sources [9–13] with a broadband robust behaviour, which,
in principle, is switchable at ultrafast speeds limited only
by the light field oscillation cycle. This has led to numer-
ous applications in polarimetry [14–16], quantum optics
[17–19], and optical manipulation [20–22], amongst many
others.

While circularly polarised electric dipoles, comprised
of two orthogonal linear electric dipoles oscillating with
a phase difference of ±π/2, excite unidirectionally p-
polarised waveguide modes, circular magnetic dipoles can
be used to excite s-polarised modes [23]. By superim-
posing electric and magnetic dipole contributions, addi-
tional directionalities can be achieved via their interfer-
ence [7]. In this context, the Huygens dipole is a combi-
nation of orthogonally oriented, in-phase, electric p and

magnetic m dipoles, which fulfil Kerker’s scattering con-
dition, p = m/c, with c being the speed of light. This
source is well known to exhibit directionality in the far-
field [7, 24, 25] and is employed in reflectionless dielectric
metasurfaces [26, 27]. Moreover, when the electric and
magnetic dipoles are perpendicular to each other, like
in the Huygens dipole, but ±π/2 out of phase, the re-
sulting source is the so-called Janus dipole, which has
been recently predicted [28]. It earns its name from the
different behaviour observed depending on which side of
this source faces a nearby waveguide. One face will cou-
ple to guided modes, while the opposite one will show a
complete absence of coupling. This behaviour is reversed
by flipping the polarisation of the dipole, i.e. switching
between the two faces. Janus, Huygens, and circularly
polarised dipoles were identified as the three elemental
dipolar sources for directional mode excitation in planar
geometries [28, 29]. All these sources are based on the
same fundamental principles of near field interference,
provide broadband operation, and can be controlled at
ultrafast speeds by switching the polarisation of the ex-
citation light.

Here we experimentally achieve wavelength-selective
excitation of Janus dipole sources, with their directional
coupling properties, by tailoring the near-field interfer-
ence between electric and magnetic dipole moments in-
duced in dielectric nanoparticles. We show that by tun-
ing the polarisation state of the excited dipoles and the
excitation wavelength to adjust their relative contribu-
tions, different dipolar sources can be realized, such as
the linear Janus dipole. In addition, we discuss and ex-
perimentally prove the possibility of achieving omnidi-
rectional coupling or noncoupling with a novel spinning
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FIG. 1: Linear and spinning Janus dipoles. A nanoparticle whose electric and magnetic polarizabilities have a fixed
phase difference at a given wavelength scatters light like a dipolar source with electric and magnetic dipole moments featuring
a phase difference determined by the intrinsic polarizabilities. Left: incident E and H fields as a function of time. Right:
dipole moments p and m of the nanoparticle as a function of time. When the phase difference between the two polarizabilities
is π/2, (a) the nanoparticle under linearly polarised plane wave illumination will scatter like a linear Janus dipole. (b) The
same nanoparticle under circularly polarised plane wave illumination will scatter like a spinning Janus dipole (i.e., electric and
magnetic fields rotate in the same sense and are oriented antiparallel at all times). An additional global phase-delay between
the excitation fields and the resulting dipoles is omitted in the sketch.

Janus dipole.

RESULTS

Janus dipole excited in a nanoparticle

A dipolar source can be realized experimentally by illu-
minating any small nanostructure scattering in the low-
est order Mie regime [7, 11, 24]. Simultaneous electric
and magnetic dipolar excitations will be achieved if it
has both electric and magnetic polarizabilities different
from zero [2, 5, 25, 26]. Plane-wave illumination conve-
niently provides orthogonal electric E and magnetic H
fields, matching the p and m dipole moment directions
required for the linear Janus dipole. However, the orthog-
onal fields of plane waves are always in phase. In order
to obtain a Janus source whose electric and magnetic
dipole moments are phase shifted, we can exploit the
intrinsic wavelength-dependent phase difference between
the electric and magnetic polarizabilities of the particle
[7, 11]. When this phase difference equals ±π/2, and the
amplitudes of the electric and magnetic dipole moments
are comparable, a Janus dipole is achieved (Fig. 1(a)).
High-index dielectric nanoparticles, such as silicon parti-
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FIG. 2: Nanoparticle properties. (a) SEM image of a
spherical Si particle with core radius r = 84 nm and oxide
shell thickness s = 4 nm. (b) Total scattering cross-section
(solid black line) and relative phase between the resonances
(solid blue line) calculated using Mie theory for the nanopar-
ticle in (a). The dashed orange and green lines indicate the
electric and magnetic dipole contributions, respectively.

cles, are suitable for this purpose since they possess both
electric and magnetic Mie resonances [3, 7]. Moreover,
depending on the size of the particle, higher order mul-
tipole resonances can be safely neglected in the visible
spectrum [2]. By tuning wavelength and polarisation of
the illumination, we can select amplitudes, direction, and
phase difference of the electric and magnetic dipole mo-
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ments in the nanoparticle, making it the ideal candidate
to experimentally realise a Janus dipole source.

The unique coupling behaviour of a Janus dipole with a
waveguide is closely related to the reactive power of the
evanescent tails in the mode being excited [28]. Reac-
tive power is the vector Im {E∗ ×H}, i.e., the imaginary
part of the Poynting vector. The coupling or noncou-
pling behaviour of the Janus dipole depends on whether
the corresponding vector quantity Im {p∗ ×m} of the
source is pointing in the same or in opposite direction
to the reactive power of the mode. This gives rise to
its two faces. The direction of the reactive power of an
evanescent wave depends on its polarisation [28, 30]: s-
polarised waves (also called transverse electric, with no
electric field component in the direction of propagation)
have a reactive power which points in the direction of the
evanescent decay, while the reactive power of p-polarised
modes (transverse magnetic) is opposite to the direction
of decay. Therefore, the definition of coupling and non-
coupling faces of a Janus dipole depends on the polari-
sation of the excited mode. In this work, we experimen-
tally generate both a linear and a spinning Janus dipole
with Im {p∗ ×m} pointing towards a nearby medium
of higher optical density (glass with a refractive index
of 1.5), resulting in preferred p-polarized and strongly
suppressed s-polarized evanescent coupling between the
dipole and the medium. We observe this behaviour by
measuring the angular spectrum of the sources in the
glass half-space (similar to the measurements shown in
[7, 11], see SM for details).

Experimental verification

Because of the small distance between the dipolar
source and the substrate, both the propagating and
evanescent wave-vector components of the source can
couple into propagating waves inside the glass, which can
be measured. We are interested in the emission that cor-
responds to evanescent fields in free-space, responsible
for the near field directionality of the Janus dipole, with
kt/k0 > 1, where kt is the transverse wavevector perpen-
dicular to the optical axis (z) and k0 is the wavenumber
in free space. Although the amplitude of the measured
spectrum will be a modified version of the near field spec-
trum of the isolated Janus source in free space, the differ-
ence can be understood via a multiplicative transfer func-
tion that accounts for the polar angle dependence of the
Fresnel transmission coefficients through the high index
substrate interface. Therefore, any zeroes in the angular
spectrum of the free-space source will also be present in
the measured angular spectra. This follows directly from
the conservation of transverse momentum. The arrange-
ment of zeroes in the spectra are a clear signature of a
Janus dipole (see SM). For instance, a Janus dipole with
px/my = −iR/c, where R is a normalized measure of the

ratio of electric to magnetic components, shows zero am-
plitude for the s-polarised evanescent components with
kt = k0

√
R2 + 1, on its noncoupling side (z > 0), owing

to the destructive interference between the electric and
magnetic dipole fields after their superposition. A Janus
dipole with px/my = −i/c would then lead to a ring of
zero intensity at the transverse k-vector kt =

√
2k0 [28].

However, this would exceed the angular range of our ex-
perimental setup, so our ideal Janus dipole condition is
px/my = −i0.75/c, optimized for kt = 1.25k0.

For our experiment, we place an individual silicon
nanosphere (diameter 176 nm) on a glass substrate [see
Fig 2(a)] on the optical axis of a linearly x-polarised
Gaussian beam (focused with an effective NA of 0.5)
used for excitation. For this configuration, owing to the
linearly polarised illumination, we excite an x-polarised
electric dipole px and a y-polarised magnetic dipole my.
We can then control the amplitudes and the relative
phase between both dipole moments by selecting the
wavelength of the excitation field. Between the mag-
netic and electric dipole resonances [Fig 2(b)], we expect
two wavelengths for which the relative phase between my

and px is close to π/2 (Janus dipole condition) with both
dipole amplitudes being of comparable strength. Due to
the presence of the substrate, these will be slightly dif-
ferent from the ones predicted by free-space Mie theory.
Nonetheless, the free-space scattering cross section pro-
vides for a range within which the wavelength can be
fine-tuned experimentally. We then measure the inten-
sity distribution in the back focal plane (BFP) of an oil
immersion objective (NA = 1.3) placed below the glass
substrate, capturing the near and far-field parts of the an-
gular spectrum of the Janus dipole for 0.6 < kt/k0 < 1.3.
The angular range below an NA of 0.6 is also collected
but discarded, because it contains the transmitted input
beam. The collected spectrum is analysed with a linear
polariser to retrieve its s- and p-polarisation components.

Figure 3 shows the results of the measurements to-
gether with the calculated dipoles, obtained for three dif-
ferent wavelengths of the illumination: (a) λ = 520 nm,
(b) λ = 640 nm, and (c) λ = 700 nm. We notice a striking
agreement between the measured data and the numerical
calculations. At λ = 640 nm we are very close to the lin-
ear Janus dipole condition [Fig. 3(b)], for which the elec-
tric and magnetic dipole moments have a relative phase
close to π/2 and an amplitude ratio |px/my| ≈ 0.75/c. A
ring of zero amplitude outside the light cone (correspond-
ing to near fields) in the s-polarised angular spectrum of
Fig. 3(b) is a clear signature of the noncoupling face of
the Janus dipole. In fact, our measurements reveal that
the amplitude of its angular spectrum is zero for a circle
with transverse wavevector kt = 1.25 k0 as analytically
expected. Hence, if placed in close proximity to a waveg-
uide supporting an s-polarised mode with this or similar
propagation constant, this source will not be able to ex-
cite it in any direction due to a momentum mismatch.
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FIG. 3: Near-field scattering of dipolar sources and their spectral dependence. Measured (top) and calculated
(bottom) BFP intensities of s- and p-polarised near-field angular distributions for (a) λ = 520 nm, (b) λ = 640 nm, (c)
λ = 700 nm corresponding to different relative contributions of electric and magnetic dipoles and their different relative phases.
For λ = 640 nm, the Janus condition (|px/my| = 0.75/c and ∆Φ = arg(my/px) = π/2) is theoretically achieved. It can be seen
that the s-polarised component of the light scattered by the Janus dipole presents a full ring of zero intensity at the locations
k2x + k2y = k2t = k20(R2 + 1) corresponding to the noncoupling condition for a given amplitude of the wavevector kt, in any
direction. In (a) and (c), the dipole moments and phase difference used in the theoretical plots are the same as the experimental
ones, while in (b) the simulation shows the ideal Janus dipole, with |px/my| = 0.75/c and ∆Φ = π/2.

The p-polarised component, on the other hand, is non-
zero everywhere except for the kx = 0 line. The source
will excite p-polarised modes in all directions except for
the ±y-direction. These are trivial zeroes because they
are the result of a polarisation mismatch: the dipole has
components px and my, but p-polarised modes propagat-
ing parallel to the y-direction do not feature the corre-
sponding Ex and Hy field components to couple to.

Figure 3(a) and (c) show the angular spectra obtained
at two other wavelengths, 520 nm and 700 nm respec-
tively, for which the Janus condition is not fulfilled and,
therefore, the aforementioned feature of noncoupling can
not be achieved. From the angular spectra measure-
ments, we can retrieve the corresponding dipole mo-
ments induced in the nanoparticle at those wavelengths
[4]. For λ = 520 nm, the amplitude of the magnetic
dipole moment is significantly smaller than the electric
one (|px/my| ≈ 2.3/c). Hence, even if the phase be-
tween both of them is close to π/2, the destructive in-
terference condition happens at transverse wave-vectors
kt/k0 � NA, well above the available numerical aper-
ture in the experiment. In the measured angular re-
gion, the electric dipole behaviour will be dominant and
the nanoparticle will scatter like an electric dipole po-
larised along x. On the other hand, for λ = 700 nm, the

amplitudes of the two dipole moments are comparable
|px/my| ≈ 1.3/c but the phase between the two is almost
zero ∆Φ = 0.14.

Spinning Janus dipole

As a consequence of the linearly polarised illumina-
tion, p and m are always pointing along x and y, re-
spectively [Fig. 1(a)]. This is responsible for the lines of
zero amplitude (ky = 0 for s-polarised light and kx = 0
for p-polarised light) clearly visible in all angular spec-
tra in Fig. 3. These zeroes are caused by a polarisa-
tion mismatch between the dipole and the modes, as de-
scribed above, rather than the destructive interference
between p and m characteristic for the Janus dipole. A
way to remove these trivial lines of zero amplitude in
the spectra is via illumination with circularly polarised
light. This should result in the excitation of p and m
with the same time-dependence as the illuminating E
and H fields, but with a phase delay corresponding to
π/2, as a direct consequence of the particle’s response
[Fig. 1(b)]. This induces electric and magnetic dipoles
which are circularly polarised, spinning together in the
xy plane, but being oriented anti-parallel at all times,
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such that p = (1,−i, 0) and m/c = −p/R. This con-
stitutes a novel “spinning” Janus dipole, with a non-zero
associated vector Im{p∗×m} directed along +z, towards
the substrate, as required for non-coupling to s-polarised
modes. The angular spectrum intensity of this dipole
is evidently rotationally symmetric, showing no polarisa-
tion mismatch to modes in any direction. The stark con-
trast between p-polarised coupling and s-polarised non-
coupling in the evanescent region is even clearer in the
experiment. The full ring of zeroes is caused purely by
the interference of p and m, characteristic for the Janus
dipole [Fig. 4]. The source couples to p-polarised evanes-
cent waves in all directions, while it does not couple to
s-polarised evanescent waves with a fixed kt > k0, at any
angle. This behaviour would be reversed for an opposite
sign of the π/2 phase difference between the electric and
magnetic polarizability induced by the nanoparticle. In
this case, the electric and magnetic dipoles induced are
spinning parallel to each other and the source is noncou-
pling for p-polarised modes.
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FIG. 4: Spinning Janus dipole. Measured (a) and calcu-
lated (b) BFP intensities of the p- and s- polarised scattering
from a spinning Janus dipole. The retrieved experimental
dipole moments are p = (0.61 − 0.11i,−0.01 − 0.75i, 0) and
m/c = (−1, 0.30 + 0.84i, 0), while the theoretical ones are
p = 0.75(1,−i, 0) and m/c = (−1, i, 0). The slight asym-
metry in the experimental results can be attributed to the
experimental dipole moments not matching exactly the ideal
ones for which the spinning Janus dipole is cylindrically sym-
metric.

DISCUSSION

In conclusion, the experimental measurement of the
Janus dipole confirms the theoretical predictions of a
source with a polarisation-dependent omnidirectional ab-
sence of coupling to evanescent waves. This adds to the
already widely used circular and Huygens dipoles as an
extra source with a polarisation-controllable near field.
The striking agreement between the dipoles obtained by
the scattering from the silicon nanoparticle and the theo-
retical point sources validates the effectiveness of the uti-
lized dipolar approximation. Moreover, the sensitivity of
the response to the illumination parameters leaves room
for applications in which a different phase and amplitude
ratio between the dipole components may be required.
This includes, but is not limited to, guided modes with
different transverse wavevectors, which can be matched
to the source by properly tuning the dipole components.
This experimental demonstration highlights the feasibil-
ity of the Janus source, paving the way towards novel
applications in nanophotonics, quantum information and
plasmonics, which might include the Janus dipole and its
spinning version.

ACKNOWLEDGEMENTS

This work was supported by European Research Coun-
cil Starting Grant ERC-2016-STG-714151-PSINFONI,
EPSRC (UK) and ERC iCOMM project (789340). A.Z.
acknowledges support from the Royal Society and the
Wolfson Foundation. All the data supporting this re-
search are provided in full in the results section and Sup-
plementary Materials.

∗ These authors contributed equally to the work.
† peter.banzer@mpl.mpg.de
‡ francisco.rodriguez˙fortuno@kcl.ac.uk

[1] Craig F Bohren and Donald R Huffman. Absorption and
scattering of light by small particles. 1983.

[2] Andrey B Evlyukhin, Sergey M Novikov, Urs Zywi-
etz, Rene Lynge Eriksen, Carsten Reinhardt, Sergey I
Bozhevolnyi, and Boris N Chichkov. Demonstration of
magnetic dipole resonances of dielectric nanospheres in
the visible region. Nano letters, 12(7):3749–3755, 2012.
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GA Wurtz, and AV Zayats. Spin–orbit coupling in sur-
face plasmon scattering by nanostructures. Nature com-
munications, 5:5327, 2014.

[11] Martin Neugebauer, Thomas Bauer, Peter Banzer, and
Gerd Leuchs. Polarization tailored light driven direc-
tional optical nanobeacon. Nano letters, 14(5):2546–
2551, 2014.

[12] Polina V Kapitanova, Pavel Ginzburg, Francisco J
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