This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository: http://orca.cf.ac.uk/106282/
This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:
Kerber, Richard M., Fitzgerald, Jamie M., Reiter, Doris E., Oh, Sang Soon and Hess, Ortwin 2017.
Reading the orbital angular momentum of light using plasmonic nanoantennas. ACS Photonics 4
(4) , pp. 891-896. 10.1021/acsphotonics.6b00980 file
Publishers page: http://dx.doi.org/10.1021/acsphotonics.6b00980
<http://dx.doi.org/10.1021/acsphotonics.6b00980>
Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page
numbers may not be reflected in this version. For the definitive version of this publication, please
refer to the published source. You are advised to consult the publisher’s version if you wish to cite
this paper.
This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications
made available in ORCA are retained by the copyright holders.

Reading the orbital angular momentum of
light using plasmonic nanoantennas
R. M. Kerber,∗,† J. M. Fitzgerald,‡ D. E. Reiter,†,‡ S. S. Oh,‡ and O. Hess∗,‡
Institut für Festkörpertheorie, Universität Münster, 48149 Münster, Germany, and
Department of Physics, The Blackett Laboratory, Imperial College London, South
Kensington Campus, London SW7 2AZ, United Kingdom
E-mail: r.kerber@wwu.de; o.hess@imperial.ac.uk

∗

To whom correspondence should be addressed
Institut für Festkörpertheorie, Universität Münster,
48149 Münster, Germany
‡
Department of Physics, The Blackett Laboratory,
Imperial College London, South Kensington Campus,
London SW7 2AZ, United Kingdom
†

1

Abstract
Orbital angular momentum of light has recently been recognized as a new degree of freedom
to encode information in quantum communication using light pulses. Methods to extract this
information include reversing the process by which such twisted light was created in the first
place or interference with other beams. Here, we propose an alternative new way to directly
read out the extra information encoded in twisted light using plasmonic nanoantennas by converting the information about the orbital angular momentum of light into spectral information
using bright and dark modes. Examplarily considering rotation-symmetrical nanorod nanoantennas we show that their scattering cross-section is sensitive to the value of the orbital angular
momentum combined with the polarisation of an incident twisted light beam. Explaining the
twist-dependence of the excited modes with a new analytical model our results pave the way to
twisted light nanoplasmonics, which is of central importance for future on-chip communication
using orbital angular momentum of light.

keywords: bright and dark mode excitation, light matter interaction, nano plasmonic, orbital angular momentum light
tion to the OAM such a beam can also have a
certain circular polarisation, which in quantum
optics is denoted in terms of spin angular momentum (SAM) in which information can also
be encoded. Depending on the combination of
OAM ℓ and handedness of polarisation σ, the
twisted light beam can be categorised into two
distinct classes, which we shall call the parallel class for ℓ and σ having the same sign and
the antiparallel class with ℓ and σ having opposite signs. 18 In this paper, we will show that
Twisted light , i.e. light carrying orbital anguthe resonance frequency of a rotationally arlar momentum (OAM), 1 has recently emerged
ranged nanoantenna is sensitive to the class of
as a new way to encode information into the
twisted light and to the absolute value of the
phase of a light beam. 2–5 Moreover, the OAM of
OAM |ℓ|. The resonances which are excited by
twisted light can also be exploited in areas rangthe twisted light can be identified with bright
ing from unusual transitions in semiconducand dark modes of plane waves. 19 In other
tors 6,7 to applications as tweezers in biology. 8,9
words, twisted light can also be used to excite
Having generated a twisted light beam, 10–16 the
a dark mode, in addition to already existing
information about the OAM can be retrieved
possibilities like electron beams, 20,21 far-field ilby converting the twisted light back to plane
lumination techniques with spatially inhomowaves, 14,17 wiping out the OAM of the twisted
geneous fields, 22 evanescent excitation, 23 nonlight beam. Another method is to use interfernormal excitation 24,25 or radially or azimuthally
ence with other beams and detecting the resultpolarized light. 26–29 We further establish an aning interference pattern. 5,11 Here, we propose
alytical model to explain the number of modes
an alternative approach to read out the OAM
that are excited by twisted light and discuss the
of light using plasmonic nanoantennas and show
degeneracy of different modes. This provides a
that the OAM can be converted into spectrally
direct way to explain how a nanoantenna reacts
sensitive information. An advantage of our apto twisted light.
proach is that well established spectral measurement techniques can be used for detection
rather than spatial measurements. For twisted
light, one has to keep in mind that in addi2

Theoretical background
Let us first revisit the properties of a twisted
light beam. The most important property is the
additional phase describing the OAM, which
also leads to the formation of a vortex or phase
singularity at the beam axis. Mathematically,
the radial profile of a twisted light beam is often described in terms of a Laguerre-Gaussian 31
or Bessel function, 32 while also other descriptions are possible. 30 However, close to the beam
axis all descriptions give the same behaviour.
Without loss of generality we here consider
Bessel beams, because they are exact solutions
of Maxwell’s equations. 33 For Bessel beams, the
electric field in cylindrical coordinates {r, ϕ, z}
with E = Erer + Eϕeϕ + Ezez of a monochromatic Bessel beam with wavelength λ and a
propagation direction along the z-axis can be
expressed as follows: 18,32,34
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Figure 1: Electric field patterns of twisted light
with handedness of polarisation σ = +1. The
OAM in the top left panel is ℓ = 0, corresponding to circularly polarized light The middle row
shows twisted light in the parallel class with
ℓ = 1 . . . , 4 and the bottom row represents the
anti-parallel class with ℓ = −1 . . . − 4. All
fields are in the z = 0 plane at t = 0. The
arrows show the direction of the electric field
vectors and the background color indicates the
strength of the radial component. Top right:
Bessel functions J0 . . . J4 as function of the distance r from the beam axis.

with the frequency ω = 2πc/λ, the velocity of
light c, the wave vectors qz along the propagation direction and qr in the transversal plane
with a fixed ratio of qr /qz = 0.1. Jℓ (qr r) is
the Bessel function as shown in the top right of
Fig. 1, which except for ℓ = 0 is zero at the origin reflecting the phase singularity. The OAM
is encoded in ℓ, which is also called topological
charge, while σ = ±1 denotes the handedness
of circular polarisation. Due to the symmetry,
there is a degeneracy when the sign of both ℓ
and σ change simultaneously. Therefore, it is
sufficient to restrict ourselves in the following
to σ = +1.
It is instructive to look at a plot of the transverse electric field of twisted light for different
values of ℓ at z = 0 presented in Fig. 1. For
the parameters we set λ = 900 nm such that
qr ≈ 7 × 10−4 nm−1 . The field patterns for
ℓ = 0 in the top left of Fig. 1 is analogous to
3

‘thin-wire’ approximation of classical antenna
theory. 37
For the model, we assume that each arm is
a perfectly conducting wire of the length L,
which also saves us from having to make the distinction between volume and surface currents
which is necessary for antennas in the visible
regime. 38 The electric field radiating from a single wire can be calculated by its vector poten where we assumed a harmonic time detial A,
pendence. 37 The retarded vector potential then
reads

 r′ )
µ
J(
′
0
 r) =
A(
eik|r−r | ,
(2)
d3 r ′
′

4π
|r − r |

the usual circularly (or even linearly) polarized
light with the vectors of the electric field all
pointing in the same direction. The middle row
shows the electric field for ℓ = +1 . . . + 4, while
the bottom row displays the field for the values
ℓ = −1 . . .−4. The complex field patterns show
that the twisted light falls into two classes, the
parallel class with sgn(ℓ) = sgn(σ) (middle row)
and the antiparallel class with sgn(ℓ) = sgn(σ)
(bottom row). Even when evolving in time the
field patterns do not evolve into each other. 18
We further specify the radial component of
the electric field by the different background
colours, where red (positive) refers to an outpointing electric field, while blue (negative) indicates an in-pointing electric field. This will
become important for the interaction with the
nanoantennas as discussed below because the
radial component of the electric field points in
the same direction of the antenna arms and determines mainly the resonance behaviour. We
already note here that the symmetry of the radial component is given by ℓ + σ, e.g. for ℓ = 0
(and σ = +1) there is one change between positive and negative values, while for ℓ = −1 (and
σ = +1) the field is rotationally symmetrical,
e.g. purely radial as shown in Fig. 1.
We chose a design consisting of a rotationally
arranged nanoantenna comprising N identical
nanorods and in the folllowing show results for
N = 2, 3, 6 symmetrically arranged nanorods.
Without loss of generality we assume twisted
light to be incident on the nanoantenna from
the top, aligning the symmetry axis with the
propagation direction. Each rod has a length
of L = 150 nm and a circular cross-section with
a diameter of D = 40 nm, while the ends of
the rods are rounded by hemispheres. The rods
are positioned symmetrically about the z = 0
plane. The gap region in the center has a diameter of G = 50 nm. Moreover, we assume the
antennas to be made of gold and surrounded
by air. To calculate the scattering cross-section
of the nanoantennas, we use a boundary element method (BEM) 35 with experimental data
for the dielectric function of gold. 36
To gain a deeper understanding of the selectivity of the nanoantennas on the OAM of light,
we here develop an analytical model using the

where J is the current density in the wire and k
is the wave vector of the radiation field. Fixing
the antenna along the x-direction and assuming
that it has no width in the y- and z-directions
yields a current density J of the form
 r) = I(x)δ(y)δ(z)ex ,
J(

(3)

where I(x) is the current in the wire. We assume that at the resonance wavelength λr the
current is of the form
I(x) = I0 cos(kx),

(4)

with k = 2π/L and the length of the antenna
is L = λr /2. We note that this is an approximation, seeing that in the BEM the resonance
frequency is not twice the antenna length, however, the model is well suited to explain qualitative features found in the numerical calculation. With the current the retarded vector
 (Eq. 2) can be evaluated. 37 Using
potential A
Lorenz gauge the scalar potential is given by
 · A/(iωµε),

Φ=∇
where ε = ε0 εr is the permittivity and µ = µ0 µr is the permeability. For
air we take εr = 1 and µr = 1. With this the
electric field is determined via
 ∇
 · A(
 r, ω) + k 2 A(
 r, ω)]. (5)
 r, ω) = −1 [∇(
E(
iωµε
The results are analytical formulas for the
electric field of one arm of the antenna centered around r = 0 and pointing along the x-
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charge. Due to the increasing beam waist the
intensity drops for increasing OAM |ℓ|, which
is compensated by the factor noted in the top
right of each row.

direction:
iI0
[G− + G+ ]
4πcε
−iI0
y
×
=
2
4πcε y + z 2
[(x − L/2)G− + (x + L/2)G+ ]
−iI0
z
=
×
2
4πcε y + z 2
[(x − L/2)G− + (x + L/2)G+ ]. (6)

Ex =
Ey

Ez

N=2

0

scattering crosssection (arb. unit)

√

(x±L/2)2 +y 2 +z 2

.
G± = 
(x ± L/2)2 + y 2 + z 2

(7)

 (n) of the n-th arm of the antenna is
The field E
obtained by rotating the wire by ϕn = 2πn/N
and then displacing it by the half of length and
half of gap (L + G)/2.
 tot , which is genTo calculate the total field E
erated by the nanoantenna excited by a twisted
light beam with the OAM ℓ and the polarisation σ, we superimpose the resulting field of the
N arms and additionally include a phase factor
ei(ℓ+σ)ϕn to account for the phase of the twisted
light beams. Then,
 tot =
E

N
−1


 (n) ei(ℓ+σ)ϕn ,
E
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Figure 2: Scattering cross-sections of a nanoantenna with N = 2 (left), N = 3 (middle) and
N = 6 (right) arms excited by twisted light calculated with the BEM. The rows corresponds to
an OAM of the twisted light of ℓ = 0 to |ℓ| = 4
from top to bottom, respectively. The solid
lines belong to the parallel class (sgn(ℓ) > 0)
and the dashed lines to the antiparallel class
(sgn(ℓ) < 0). The scaling of the cross section
is denoted in the top left. The vertical dashed
lines mark the resonance frequencies λd/b excited by the twisted light. The insets show the
surface charge distribution in the nanorods of
the resonances with blue indicating a negative
and red a positive surface charge.

(8)

n=0

which yields an analytical equation for the induced fields of the nanoantenna.

Results and Discussion
First we discuss the results calculated with the
BEM. The results are shown in Fig. 2 for
different values of ℓ ranging from |ℓ| = 0 to
|ℓ| = 4 from top to bottom, respectively, and for
N = 2, 3 and 6 from left to right. The scattering cross-section for the parallel class is marked
by solid lines, while the antiparallel class is
denoted by dashed lines. The resonances are
marked by vertical black dashed lines. The insets show the corresponding surface charges of
the resonances as calculated in the BEM with
red indicating a positive and blue a negative

Let us first study the resonances in the scattering cross-section of the dimer antenna with
N = 2 shown in the left column of Fig. 2.
For ℓ = 0, the bright or bonding mode of
the nanoantenna at λb = 750 nm is excited.
When we now increase |ℓ| we see that for even
|ℓ| = 2, 4 the bright resonance is excited, while
for odd |ℓ| = 1, 3 a different resonance at λd =
5

nance all surface charge distributions point synchronously either inwards or outwards. Indeed,
for N = 3 only the modes with these two frequencies can be excited when considering the
phase combinations of surface charges in the
three arms. For |ℓ| = 2 we see again a splitting
between the classes, but the other way round
to the case with |ℓ| = 1, i.e., the dark mode
is excited by the parallel class, while the antiparallel class has a resonance at λb . If we now
look at |ℓ| = 3, which corresponds to the number of arms of the nanoantenna, we find that
both parallel and antiparallel classes are again
degenerate and both excite the bright mode.
The link between the resonant modes and the
OAM of the excited light can be explained by
considering the symmetry of the radial components of the twisted light (cf. Fig. 1). As an
example, we discuss the case of |ℓ| = 2. For
parallel light, we find three axes where the radial component changes from inwards to outwards. When we consider the symmetry of the
nanoantenna with N = 3 it is clear that the
arms always find themselves in a region with
the same direction. On the other hand, in the
antiparallel class with ℓ = −2 there is only one
axis. Hence the surface charge distribution in
one arm always points in the opposite direction
to the one in the other arms, corresponding to
the bright mode.
The higher the number of N is, the more
modes can exist. These can be deduced from
the combination of inwards and outwards pointing surface charge distributions in the different arms under the constraint of the rotational
symmetry. We will here discuss the example
of N = 6 arms as shown in the right column
of Fig. 2. First of all, we notice that a number
of resonances appear, which can be quiet broad.
As in the case of the trimer nanoantenna, we see
that for |ℓ| = 1, 2 and 4 the resonances split depending on the class of the twisted light beam,
while for |ℓ| = 3 again both classes excite the
same mode. Looking in more detail, we find
that now four modes are excited. Denoting the
ℓ = 0 mode at λb = 780 nm ‘bright’, we see
that in this mode the surface charge distributions in half of the arms are pointing inwards
and the ones in the other half are pointing out-

700 nm comes up which corresponds to the dark
or antibonding mode. The difference in the two
modes can be explained using a hybridization
model similar to two or more coupled harmonic
oscillator resembling the surface charges. 19,39
The strength of the splitting is very sensitive
to the coupling between the two arms, which is
mostly affected by the size of the gap G. The
BEM allows us to calculate the surface charges
as indicated in Fig. 2, showing that, indeed, in
the bright mode the surface charges oscillate
in-phase, while for the dark mode the surface
charges oscillate out-of-phase. As for coupled
harmonic oscillators we see that energetic position of the anti-bonding mode is above the
one of the bonding mode. 19,39 The relation between the phases of the surface charges and
the twisted light can be determined by looking at the corresponding radial component of
the incident beam. As shown in Fig. 1, for even
|ℓ| = 0, 2, 4, we see that there is a change between positive and negative radial components
in the x-direction, while for odd |ℓ| = 1, 3, the
opposite lying radial components have the same
direction. We further note that the dark resonance is narrower than the bright one. This is
related to the fact that the bright mode corresponds to dipole radiation, while the dark mode
has a quadrupolar radiation pattern. For N = 2
we thus conclude that the dimer antenna is sensitive to the absolute value of OAM and that it
is possible to distinguish between even and odd
values of OAM. However, the dimer antenna
does not distinguish between the two classes of
twisted light.
If we now consider a trimer nanoantenna with
N = 3 as displayed in the middle column of
Fig. 2 we see that different resonances for the
two distinct classes of twisted light are excited.
For ℓ = 0 there is a resonance at λb = 760 nm
accompanied by a surface charge distribution
where one rod has a positive charge pointing
towards the middle while the other two have
the opposite charge in the center. We call this
mode again ‘bright’. For |ℓ| = 1 we see that in
the parallel class with ℓ = +1 (solid line) also
the bright mode is excited, while in the antiparallel class with ℓ = −1 (dashed line) a resonance
at λd = 675 nm is excited. For this dark reso6

sign of OAM can be determined. For higher
values of OAM it is necessary to use either
a nanoantenna with more resonances or more
nanoantennas with different numbers of rods to
read out the exact value of OAM. An limitation for detection might be the intensity, which
decreases for higher values of OAM. To improve the sensitivity, on can use highly focused
beams, which is described by an increased ratio
qr /qz . For example for a highly focused beam
with qr /qz ≈ 1.5, the factor of between the intensity maximum of l = 0 and ℓ = −1 increases
to approximately 3.

wards. For ℓ = −1 we see that a mode at
λd1 = 615 nm with all surface charge distributions pointing synchronously inwards is excited
in agreement with the radial character of the
incident twisted light. Similar to coupled harmonic oscillators, where the out-of-phase oscillation is the energetically highest one, this is
the mode with the highest energy. For ℓ = +1
also a dark mode at λd2 = 825 nm is excited,
which is energetically more favourable than the
bright mode. Here, the surface charge distribution of two opposing arms point inward, while
ones of the other four arms point outward. For
ℓ = −2 the bright mode is excited, but ℓ = +2
excites a third dark mode at λd3 = 830 nm,
in which the surface charge of the arms is alternating. For ℓ = ±3, we then see that the
dark mode λd1 is excited for both parallel and
antiparallel classes, while for |ℓ| = 4 the resonances split again. In total, we find four different modes. Note that there is a small shift in
the resonances, which can be explained by an
increased beam waist for increasing |ℓ|.
We have seen that with twisted light a number of dark modes in a nanoantenna composed
of several arms can be excited and that the resonance modes are selective on both the absolute
value of the OAM |ℓ| and on the sign of the
OAM ℓ. We further tested, that the found resonance behaviour is robust against small changes
of the position of the beam axis: as long as the
beam axis lies within the gap region, the same
resonance behaviour is found.
This shows that the read out of the value of
OAM is possible. As example we discuss the
read out of a beam with an unknown OAM
with ℓ ∈ {±1, ±2}. For the read-out knowledge about the circular polarization is required,
because of the degeneracy in the two different
classes of TL when exchanging the sign of ℓ
and σ simultaneously. For this beam we can
determine the OAM by using the 6 arm antenna, which has four different modes. Another method would be a sequential measurement on antennas composed of different numbers of rods. In our example we would send
the light beam on a dimer and a trimer antenna. The dimer differs between |ℓ| = 1 and
|ℓ| = 2 and by using the trimer antenna the
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Figure 3: Induced electric field calculated with
the antenna model. The intensity in the z = 0
plane with a logarithmic scale is shown for ℓ = 0
(top) and positive OAM ℓ = 1 . . . 4 (middle)
and negative OAM ℓ = −1 . . . − 4 (bottom).
A movie of the time behavior of the intensity
for ℓ = 0 and ℓ = ±1 can be found in the
supplementary information.
Now we discuss the electric field from the analytical antenna model for the trimer antenna
with N = 3 in Fig. 3. Here, the intensity
of the electrical field is plotted in the z = 0
plane with a logarithmic scale. From the field
we can distinguish several modes of excitation.
For ℓ = 0 and ℓ = ±3 there is the same intensity
distribution, where the ends of the middle and
right wire show high intensities. In contrast for
ℓ = +1, −2, +4 the ends of the left and middle wire show high intensities. A movie of the
time dependence of the fields for ℓ = 0 and ±1
can be found in the supplementary information,
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which clearly shows that the rotation direction
in these two cases is inverted. However, the energy of these two modes is degenerate as they
have the same symmetry. A different pattern
is found for ℓ = −1, +2, −4, where all ends of
the three wires have high intensity and in the
middle of the antenna is a dark spot with low
intensity. This is a breathing mode, where only
the intensity but not the field pattern changes
with time, 21 as can be seen in the video in the
supplementary information. The field patterns
agree with the resonance behaviour found in
the BEM calculations, for the rotating mode for
ℓ = 0, +1, −2, ±3, +4 we find an excitation of
the bright mode, while the breathing mode for
ℓ = −1, +2, −4 corresponds to the dark mode.
This shows that our analytical model is capable
of identifying the different modes excited by the
twisted light.
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Figure 5: Sketch of the possible resonance frequencies and their degeneration for an odd
(left) and even (right) number of arms. Same
colors imply that the modes are degenerate.
instance, in the case of three antenna arms every antenna arm can have a different phase of
the radiating field. The first possibility, denoted by ω1 , is that all arms have the same
phase ω1 :(0, 0, 0). The second possibility is
that the second antenna arm has an additional
phase of 2π/3 and the third one of 4π/3 so
that ω2 :(0, 2π/3, 4π/3). The third option is that
there is a phase change by 4π/3 of every antenna arm ω3 :(0, 4π/3, 8π/3). By reducing the
phase changes into a 2π-interval, it is clear that
the latter modes have equal frequencies ω2 = ω3
with their phases in an inverted order. This explains the excitation of the degenerate modes
with a different temporal behaviour. These considerations can be generalized for N antenna
arms, where we have N possible modes with:
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Figure 4: Electric field calculated with the
BEM . The intensity in the z = 0 plane is shown
on a logarithmic scale for ℓ = 0, +1, −1 from
left to right. A movie of the time behavior of
the fields can be found in the supplementary
information.

ωi : (0, 1, 2, . . . , N − 1) ×

(i − 1) · 2π
(9)
N

where i = 1, 2, . . . , N . The second and the N th option are degenerate ω2 = ωN , the third
and the (N − 1)-th ω3 = ωN −1 and so on. In
total for an odd number of antenna arms there
are (N − 1)/2 degenerate modes and (N − 2)/2
for an even number of antenna arms. Therefore
the number of different resonance frequencies
excited by twisted light is [N/2] + 1 where [] is
the Gauss floor function. This is illustrated in
the sketch in Fig. 5. Going back to our discussion of the case of N = 6, where we found four
modes in the BEM, we find that this is consistent with our explanation using the symmetry
arguments.

It is interesting to compare the analytical
model to the calculations done with the BEM.
For this end we plot the electric field intensity
calculated with the BEM in Fig. 4 for the cases
ℓ = 0, ±1, where the black areas in the middle
of the figures show the positions of rods. For
the wavelength, we choose the resonant wavelength λb or λd . Again we find rotating modes
for ℓ = 0 and ℓ = +1, which differs only in
the rotation direction in the time behaviour as
shown in the movies in the supplementary information. These fields correspond to the bright
mode. For ℓ = −1 we also find a breathing
behaviour as expected for the dark mode.
Having understood the resonance behaviour
in detail, we now summarize the resonance behaviour using symmetry arguments only. For
8

Conclusion

angular momentum mode division multiplexing in fibers. Science 2013, 340, 1545.

In conclusion, we have demonstrated that a rotationally arranged nanoantenna can be used to
convert the phase information of a twisted light
beam into spectral information and hence can
be used to classify the phase state of a twisted
light beam. To be specific, for a dimer antenna
we can distinguish between even and odd values of OAM, while for an antenna with N ≥ 3
arms also the class of the OAM beam can be
determined. We further showed that different
dark modes can be excited by a twisted light
beam, which cannot be easily excited by plane
wave light. Our findings are well explained by
a thin-wire model, which gives a handy rule to
determine the number of resonance frequency
of an antenna consisting of N arms excited by
twisted light. Our work shows that also on the
nanoscale the OAM influences strongly the optical properties of plasmonic particles and our
results will be useful for implementing twisted
light beams on the nanoscale for secure communication. 3,4
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