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T
here is an increasing interest in using
nanoscale plasmonic devices to con-
trol the polarization and propagation

states of light. Plasmonic metamaterials
with strong birefringence and chirality have
been demonstrated, with applications in
tunable waveplates and optical biosen-
sors.1,2 Recently, plasmonic metasurfaces
containing two-dimensional phase gradi-
ents have been developed that allow im-
printing arbitrary phase patterns onto a pro-
pagating beam.3 Such phase-discontinuity
surfaces have already achieved a variety of
optical components including lenses, spiral
waveplates, and 3D holograms.4�10

Among a variety of designs, V-shaped
antennas are of particular interest for their
ability to support a set of orthogonal eigen-
modes with a variable phase delay depend-
ing on the apex angle. As a special case of
the V-antenna, the L-shaped antenna has an
orthogonal orientation of the two arms. The
properties of connected L-shaped antennas
have been investigated in a number of

experimental and theoretical works.3,11�17

L-shaped nanoantennas have particularly
received interest for their noncentrosym-
metric properties in the generation of sec-
ond harmonic generation,18 in polarization
conversion and birefringence.12,15,16 The
above studies all considered connected an-
tenna designs; disconnected nanorod di-
mers in an orthogonal geometry were
explored in refs19�21. Similar to the case
of aligned nanoparticle dimers,22,23 the na-
ture of the interactions between discon-
nected and connected rods is qualitatively
different. While the resonances of the dis-
connected particles are coupled through
electrostatic, capacitive interactions, the
connected rods are governed by charge-
transfer plasmon modes. For connected
structures, the modes are therefore directly
associated with the symmetry of the struc-
ture, and are relatively insensitive to the
properties of the surrounding environ-
ment. For disconnected structures, polar-
ization conversion is mediated through
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ABSTRACT We demonstrate that polarization conversion in

coupled dimer antennas, used in phase discontinuity metasurfaces,

can be tuned by careful design. By controlling the gap width, a strong

variation of the coupling strength and polarization conversion is found

between capacitively and conductively coupled antennas. A theoretical

two-oscillator model is proposed, which shows a universal scaling of the

degree of polarization conversion with the energy splitting of the

symmetric and antisymmetric modes supported by the antennas. Using

single antenna spectroscopy, we find good agreement for the scaling of

mode splitting and polarization conversion with gap width over the range from capacitive to conductive coupling. Next to linear polarization conversion,

we demonstrate single-antenna linear to circular polarization conversion. Our results provide strategies for phase-discontinuity metasurfaces and

ultracompact polarization optics.

KEYWORDS: plasmonic nanoantennas . polarization conversion . phase discontinuity . metamaterials . metasurfaces .
Green's dyadic method
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the plasmonic near-field coupling between elec-
trically isolated nanoparticles. In this case, polarization
conversion can be a sensitive measure of the inter-
particle coupling strength depending on the proper-
ties and loading of the nanogap, which could provide
new means for active control and sensing.24 Such
orthogonal near-field couplings exist in many nano-
structures, including, e.g., dolmen antennas and
stacked three-dimensional plasmonic rulers.25 How-
ever, systematic studies of such structures generally
considered the polarization conserving states only.
In this work, we explore the polarization conversion

in antenna designs consisting of two perpendicular
nanorods over the entire regime from capacitive cou-
pling to the conductive coupling regime. Building on a
simple two-oscillator model, we show that the polar-
ization conversion is governed by the relative mode
splitting, independent of the coupling regime, which is
sensitively tuned through the interparticle gap. This
picture is supported by extensive electrodynamical
simulations based on the 3D-Green's dyadic method.
Spectroscopy performed on individual nanoantennas
confirms that precise control of the antenna design
enables us to go beyond previous investigations and
achieve different regimes of coupling strength and
spectral characteristics.

RESULTS AND DISCUSSION

Analytical Model. The optical anisotropy already de-
monstrated in L-shaped gold antenna arrays has been
interpreted in terms of interferences between the
radiated waves emitted by two orthogonal surface
plasmon modes excited in each individual nano-
structure.12,15,16 Disconnected nanorod dimers are
another example of nanosystems supporting a pair
of orthogonal plasmon modes with a spectral split-
ting governed by the gap between the two arms.19

More generally, any nano-object supporting two
orthogonal modes will have polarization properties
similar to those of L-shaped antennas.26,27 Indeed, let
us consider a nanostructure supporting two surface
plasmon modes A and B polarized along orthogonal
directions eBA and eBB. These eigenmodes can be
represented by two independent oscillators charac-
terized by complex polarizabilities Ra and Rb. Assum-
ing a Lorentzian line shape, Ra for instance can be
written as

Ra ¼ R0aω2
0a

ω2
0a�ω(ω� iΓa)

(1)

Here, ω denotes the frequency, ω0a is the resonance
frequency, and Γa is the damping of the oscillator.
Panels a and b in Figure 1 show the amplitude and
phase of the polarizabilities associated with these
two modes, respectively. For simplicity, we assume
that all resonance parameters are the same, except
the angular frequency (the validity of this assump-

tion will be confirmed in the following). An incident
optical wave polarized along X denoted EB0 = E0eBX,
with eBX = (eBA þ eBB)/

√
2 the direction of the electric

(E-)field, will induce a net dipole moment on the
nanostructure, which is the sum of the contributions
of modes A and B.

In the following, we show that it is possible in
specific conditions to generate efficiently a scattered
wave polarized along the cross-polarized direction
eBY = (eBA � eBB)/

√
2. The total dipole induced on the

nanostructure can be written as

PBT ¼ PBA þ PBB ¼ Ra(EB0 3 eBA)eBA þRb(EB0 3 eBB)eBB (2)

The total dipole moment has components along the
X- and Y-directions given by PT,X = (E0/2)(Ra þ Rb) and
PT,Y = (E0/2)(Ra � Rb). As a first approximation, we can
consider that the intensities of the radiated waves
polarized along X (respectively Y) are proportional to
the square of the modulus of the total dipole com-
ponent along X (respectively Y). The intensities and
phases of the scattered light for input polarization
along X and with output polarizations along X and Y

are shown in Figure 1a,b. For the intensities we use
the naming convention of σXX for both input and
detection polarizations along X and σXY for input
along X and detection along Y. These correspond to
diagonal and off-diagonal elements of a scattering

Figure 1. (a) Scattering intensities for incident light polar-
ized along diagonals A (σA) and B (σB) of the antenna
structure and intensities of scattered light along X (σXX)
and Y (σXY), both for input polarization along X. Inset shows
directions ofA,B,X, andY, with respect to thedimer antenna
(yellow rods). The wavelength of maximum linear polariza-
tion conversion is denoted by λPC. (b) Phases of the antenna
dipole moment P for same conditions as (a), from analytical
model.
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matrix:

σXX � jPT, Xj2 ¼
�
�
�
�
�

Ra þRb

2

�
�
�
�
�

2

(3a)

σXY � jPT, Yj2 ¼
�
�
�
�
�

Ra � Rb

2

�
�
�
�
�

2

(3b)

We see in the example of Figure 1 that outside the
spectral range between the two optical resonances,
the oscillations of modes A and B are in-phase, where-
as they are dephased for frequencies lying between
the frequencies of the eigenmodes. The exact de-
phasing actually depends on the spectral splitting
between the two resonances. For very large splittings,
it is close to π. In this case, an incident wave polarized
along X will induce two dipole moments with oppo-
site phases along A and B and the resulting inter-
ference will be polarized along Y.12,16 However, for
very large splittings, modes A and B are spectrally
separated and it is not possible to efficiently excite
both modes. This results in a weak scattering along Y.
For decreasing splittings, the dephasing between
modes A and B decreases, but it becomes easier
to excite both modes simultaneously as they start
to overlap. Therefore, the wavelength of maximum
cross-polarized intensity lies between modes A and B
where both efficient in- and out-coupling of the
optical excitation and the required phase relation
between the induced oscillations can be simulta-
neously obtained. Interestingly, the phase of PT,Y spans
a much larger range than that of PT,X. As discussed by
Kats et al.,16 the larger phase range of the cross-polarized
light in the case of a system of two coupled oscillators
compared to the single oscillator case results from the
minus sign in the expression of σXY.

Similar to projection on the X�Y linear polarization
basis, we can project the induced dipole moment
onto the basis for left-handed (LCP) and right-handed
(RCP) circular polarization states eBLCP = (eBX þ ieBY)/

√
2

and eBRCP = (eBX � ieBY)/
√
2. The circular polarization

components of the total induced dipole moment
follow as

PT, LCP ¼ E0

2
ffiffiffi

2
p [(1þ i)Ra þ (1� i)Rb] (4a)

PT, RCP ¼ E0

2
ffiffiffi

2
p [(1� i)Ra þ (1þ i)Rb] (4b)

Perfect circular polarization in the output is obtained
for the case that Ra and Rb are of equal magnitude but
out of phase by π/2, i.e., Ra = �iRb, so that PT,RCP
completely cancels and the induced dipole moment is
fully left-hand circular polarized.

Of interest also is the conversion between two
circular polarization states. In this case, the total

induced dipole moment is given by

PBT ¼ E0

2
ffiffiffi

2
p (Ra � Rb)(1þ i)eBLCP þ E0

2
ffiffiffi

2
p (Ra þRb)(1 � i)eBRCP

(5)

for LCP input. Therefore, we recover amplitudes for
LCP/RCP output which are similar to X-linear/Y-linear
polarization and have the same polarization conver-
sion from LCP to RCP and vice versa as from X to Y. Thus,
the antenna structures are equally suitable for circular
as for linear polarization conversion.

Comparison with Numerical Model Calculations. To pro-
vide a deeper insight into the polarization conversion
in connected or disconnected nanorod dimer anten-
nas, we have performed systematic numerical simula-
tions using the 3D-Green's dyadic method.28 This
method provides the electric field distribution inside
the investigated nanostructure from a unique general-
ized fieldpropagator expressed indirect space. The latter
is computed from a numerical procedurewhich relies on
a volume discretization of the nanostructure and rigor-
ously takes into account the dielectric properties of
substrate and environment (see Methods). The simu-
lated spectra, presented in Figure 2, cover the range from
capacitively to conductively coupled antennas. A posi-
tive gap is defined as the shortest distance between the
end-cap edges of the two antennas, while a negative
gap indicates the same for the overlapping antennas
as is illustrated in the inset of Figure 2. A gap of�120 nm
corresponds to an L-shaped antenna with rounded
corner. The mode at 0.65 μm wavelength corresponds
to the transverse resonance of the nanorods, which does
not show a marked hybridization.

The longitudinalmodes for the orthogonal nanorod
dimers, appearing at wavelengths above 1.0 μm in
Figure 2, follow the plasmon hybridization trends
known for linear nanoparticle dimers.22,23 For small
positive gaps, capacitive coupling results in a redshift
of the bonding mode. Compared to linear dimers,
where destructive interference of the dipoles results
in a dark antibonding mode,23 the orthogonal dipoles
do not cancel, resulting in equally radiative bonding
and antibonding modes. The smallest positive gap
width considered in our calculations (3 nm) is well
within the validity range of simulation techniques
based on purely classical electrodynamics. For more
strongly coupled metallic nanoparticles, the use of a
quantum-corrected approach would be required to
take into account electron tunneling through the gap
which limits optical field confinement.29

Zero gap corresponds to the “kissing” point where
the rounded end-caps of the two nanorods touch to
form a single conducting contact point.22,23 The con-
ducting bridge is associated with the appearance of a
red-shifted charge-transfer plasmon, and a reshaping
of themode spectrum. Upon further overlapping of the
nanorods, the charge-transfer mode blueshifts due to
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the combined effects of increasing bridge inductance
and a reduced effective antenna length. We approach
the situation of the conductive L-shaped antenna for a
gap of�120 nm. For evenmore negative gaps, another
limit of a symmetric cross-antenna is reached. Here, the
mode splitting between bonding and antibonding
completely disappears.Wedid not consider the regime
beyond the L-shaped antenna in our experiments.
In addition to traditional bonding and antibonding
modes, Figure 2b shows the appearance of additional
modes on the blue side of the bonding mode for
partially overlapping nanorods. Charge density maps
(not shown) confirm that these modes are associated
with a charge accumulation at the corner of the
nanostructure. The presence of these additional “cor-
ner” modes slightly modifies the polarization conver-
sion spectra, resulting in small deviations from the
simple two-oscillator model.

Figure 3a,b shows results extracted from the nu-
merical simulations of orthogonal dimer antennas
with gap width varying between �120 nm (L-shaped
antenna) and þ145 nm (weakly coupled nanorod
dimer). Figure 3a shows both the total and the
Y-polarized scattered intensity at the wavelength
λPC where the polarization conversion efficiency is
highest. We define λPC as the wavelength at which
the Y-polarized scattering intensity normalized to the
total scattering intensity is maximum. Figure 3b gives
the spectral resonance positions for the antibonding
(λA) and bonding (λB) modes, and the wavelength of
maximum polarization conversion (λPC). The large
change in the mode spectrum is observed around
the kissing point of the two nanorods at zero gap.
This transition is associated with a sharp decrease of
the intensity scattered at the polarization conversion
point.

To explain this behavior, we combined the informa-
tion on Figure 3a,b to plot the scattering intensity at λPC
against the dimensionless splitting parameterΔω/ωave

in whichωave is the average of the angular frequencies
of modes A and B. Figure 3c shows that, when plot-
ted this way, the data of Figure 3a collapses onto a
universal curve which covers both the capacitively and
conductively coupled antenna regimes. The illustra-
tions in Figure 3a,c indicate the positions of the
different antenna geometries on this curve; clearly,
the kissing arrangement provides the largest spectral
splitting and is therefore located at the end of the
range aroundΔω/ωave∼ 0.7, while the fully connected
L-shape and the capacitively coupled antennas seam-
lessly connect into a continuous curve with a transition
around Δω/ωave ∼ 0.35. The point closest to zero
splitting corresponds to the 448 nm gap antenna in
which the nanorods are virtually uncoupled.

The total scattered intensity (σXX þ σXY) at λPC
shows a monotonous decrease with increasing spec-
tral splitting. This can be understood from the fact that
with increasing spectral splitting, the overlap of the
resonances is reduced and the antenna cross section
at the wavelength λPC, located in between the two
resonance peaks, goes down. At the same time, the
cross-polarized scattered intensity reaches amaximum
for a relative spectral splitting around Δω/ωave ≈ 0.2.
This maximum corresponds to an intermediate situa-
tion in which the two resonances are close enough so
that efficient excitation of both eigenmodes remains
possible and separated enough to allow for the appro-
priate dephasing between the excited oscillations.

Next to the absolute intensity, a second important
figure for polarization conversion is the degree of
polarization (DOP) obtained in the polarization con-
version. Figure 3d shows the DOP, defined as the

Figure 2. Calculated collected scattering intensities σXX and σXY against gap width, for capacitively coupled antennas (a) and
conductively coupled antennas (b) for L = 230 nm nanorod lengths. Curves are vertically offset as indicated by dashed lines.
Schemes on right of graphs correspond to antenna geometries with corresponding gap values. Inset: definition of gap
parameter for capacitive and conductive antennas. The offset x0 is defined from the kissing point where the antennas form a
singular conducting contact.
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contrast between X and Y components of the scatter-
ing intensity:

DOP ¼ σXX � σXY

σXX þ σXY
(6)

A DOP of 1 corresponds to pure X polarized radiation
and no polarization conversion, while a DOP of �1
equals pure Y polarized radiation and 100% polariza-
tion conversion efficiency. The DOP in Figure 3d shows
an increasing conversion efficiency with increasing
spectral splitting, which can be understood from the
convergence to exactly π phase difference between
modes A and B for large splitting (see Figure 1b).

The lines in Figure 3c,d represent the results from
the simple two-oscillator model of eq 2 using opti-
mized values for the width of the spectral modes. The
model is tractable and closed-form expressions repre-
senting the model curves are presented in the Sup-
porting Information Section S5. We clearly see that the
numerical results follow the analytical model for all
geometries under study, both in the capacitive and
conductive regime. The curves are universal for the two
oscillator model and scale with relative energy split-
tings and damping, as is further illustrated in the
Supporting Information Figure S5. Markedly, the situa-
tion of the connected L-shape antenna, used in many
of the experiments, corresponds to a point on the
curve of aroundΔω/ωave≈ 0.4which neither produces
the largest scattering intensity nor the highest conver-
sion efficiency.

Single-Particle Spectroscopy of Symmetric and Antisymmetric
Modes. Wemakeuseof single-particle SpatialModulation

Spectroscopy (SMS) in reflection mode to obtain
information on the scattering and polarization con-
version of single plasmonic nanoantennas (see Meth-
ods and Supporting Information Section S1).30�32

The antennas of these studies were fabricated using
e-beam lithography and consist of dimers of gold
nanorods of fixed widths and heights of 120 and
40 nm, respectively, and with nanorod lengths L

between 180 and 330 nm. To illustrate the mode
structure of capacitively coupled, orthogonal nano-
rod antennas, we measured first the “pure” bonding
and antibonding states of several representative L =
230 nm antennas as shown in Scanning Electron
Microscopy (SEM) images of Figure 4a,b. In this experi-
ment, the polarization was fixed to horizontal, while
the antennawas azimuthally rotated toþ45� and�45�
with respect to this axis. Figure 4a,b shows the experi-
mental spectra for two antennas with large (50 nm)
and small (12 nm) gaps. By exciting the antenna at
45� with respect to the individual nanorods, it is
possible to selectively address the bonding (B) and
antibonding (A) modes.12,16 The corresponding calcu-
lated spectra are shown in Figure 4c,d, while charge
distributions for the two modes on the strongly
coupled antenna are shown in Figure 4e,f. We see that
the coupling more strongly affects the charges in
the bonding mode, resulting in a large redshift of this
mode for strongly coupled antennas. A mode splitting
of 400 nm, or 30%, is found for the dimer antenna with
12 nm gap, which is in agreement with our numerical
calculations. The experimentally measured modes
are somewhat broader than the calculated modes,

Figure 3. (a andb) Results from3DGreen's dyadicmethod simulations (symbols). (a) Total scattered intensity (black dots) and
Y-polarized component (red squares) at maximum conversion wavelength λPC, for input polarization along X. (b) Spectral
positions ofmodes A and B, and λPC versus gapwidth. (c) Same as (a) but plotted against relative frequency splittingΔω/ωave.
(d) Degree of polarization at maximum conversion wavelength eq 6 against relative frequency splitting. (a�d) Closed
symbols, conductively coupled; open symbols, capacitively coupled antennas. Lines in (c) and (d) are results from analytical
two-oscillator model (respectively, Supporting Information eqs S8�S9 and S4�S5 for c and d).
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indicating some additional damping mechanisms in
the experimental gold.

Linear Polarization Conversion. Following the identifi-
cation of the hybridized modes, we investigated polar-
ization conversion as a function of gap width for
incident light polarized along the X-direction. Figure
5a�c shows a selection of the experimental spectra
for three different series of antennas with lengths L =
180 (a), 230 (b), and 330 nm (c). The vertical units
correspond to 10�13 m2 for the σXX extinction cross

section; the σXY values were obtained using multi-
plication of the SMS signals with the experimental
calibration factor of 5.0 (see Supporting Information
Section S2). For the three different nanorod lengths,
the antibonding mode was located at around 0.95 (a),
1.1 (b), and 1.3 μm (c). We note that the polarization
conversion for the 12 nm gap antenna in Figure 5b
corresponds to the pure mode spectrum of Figure 4b.
While the three antenna lengths showed qualitatively
the same behavior, the L = 230 nm series of antennas

Figure 4. Experimental (a and b) and calculated (c and d) spectra for L = 230 nm dimer antennas with large (54 nm) and small
(12 nm) gaps for polarizations corresponding to the orientations A and B as shown in the inset of (c). Insets: SEM images, scale
bars, 100 nm. (e and f) Charge distributions in the antennas corresponding to the antibonding (A) and bonding (B) dipole
modes at 1.1 and 1.5 μm wavelength, respectively.

Figure 5. (a�c) Experimental spectra of L=180nm (a), L=230nm (b), and L=330nm (c) orthogonal dimer antennaswithgaps
from 96 to �52 nm. Solid lines, intensity for X-polarized component (σXX) of scattered light; dashed lines, intensity for
Y-polarized component (σXY), both for input polarization along X. Curves are vertically offset by 3� 10�13m2 for (a and b) and
by 7 � 10�13 m2 for (c). Insets: SEM images, scale bars, 100 nm.
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produced the best results within the spectral range of
our setup, providing an extensive range of splittings
and polarization data. The scaling of energy splittings
with antenna size33means that smaller capacitive gaps
are required for the L = 180 nm antennas to observe
any polarization rotation, while the bonding modes of
the L = 330 nm antennas are shifted into the infrared,
outside of our experimentally accessible window. Very
high polarization conversion efficiencies of up to 95%
(DOP =�0.95) in the telecommunication range around
1.5 μm are obtained for the L = 330 nm antennas (see
Supporting Information Figure S4c); however, no in-
formation could be obtained on the corresponding
mode splittings for these series, limiting further anal-
ysis in terms of universal scaling. Therefore, in the
following, we focus on the analysis for the L =
230 nm antenna series. The very small gap width of
5 nm in Figure 5a was obtained using helium ion beam
milling32 to demonstrate the effect of energy splitting
also for the shorter antenna series.

For large gaps, the mode splitting in Figure 5b is
small and only a small fraction of intensity is radiated
by the antennas along the Y-polarization. With increas-
ing coupling strength, the Y-polarized component
increases until it exceeds the X-polarized component.
This occurs around the critical point where a conduct-
ing bridge is formed. At the kissing point we observe a
strong shift of the symmetric mode resonance toward
longer wavelengths around 2 μm.

The spectrally resolved DOP is shown in Figure 6a,b
for both the Green's dyadic method calculations (a)
and the experiment (b) for the L = 230 nm length

antennas (experimental results for the other antennas
are shown in Supporting Information Figure S4). We
find that the most efficient conversion takes place for
antennas which are conductively coupled in the
kissing regime, with a gap of around �25 nm. The
spectral position of the minimum DOP (i.e., maximum
of Y-polarized conversion λPC) is plotted in Figure 6c
together with the spectral resonance positions λA and
λB. Good agreement is obtained between the experi-
mental results (symbols) and the numerical calcula-
tions (squares/lines). The combined information on
spectral splittings and the DOP allows us to experi-
mentally validate the universal scaling model de-
scribed above and its conclusions. Figure 6d shows
the scaling of the DOP with mode splitting. The results
confirm that stronger polarization conversion is ob-
tained for larger mode splittings. We note that it is not
possible to spectrally resolve splittings much smaller
than the resonance width, resulting in some uncer-
tainty in the results for Δω/ωave below 0.1.

Linear to Circular Polarization Conversion. As predicted
using our analytical model, broadband polarization
conversion between linear and circular polarization
states exploiting plasmonic antennas is possible using
orthogonal dimer antennas. Such linear-to-circular po-
larization conversion is of interest for ultracompact
waveplates and optical biosensors.26,27

Our numerical simulations confirm that linear to
circular polarization conversion is obtained around the
wavelength where both antenna modes are π/2 out of
phase and when σXX and σXY are equal. This occurs at
a relative splitting of Δω/ωave ≈ 0.22. In practice,

Figure 6. Degree of polarization eq 6 for different antenna spacings for L=230 nmorthogonal dimers of Figure 5b, calculated
(a) and experimental (b). (c) Experimental resonance positions of bonding (squares, black) and antibonding (triangles, blue)
modes, and position of maximal polarization conversion (dots, red), with results from numerical simulations using the
3D-Green's dyadic method (lines). (d) Degree of polarization versus frequency splitting, for capacitively (open circles) and
conductively (closed dots) coupled antennas. Line corresponds to result from two-oscillator model (cf. Figure 3d).
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approximate conditions can be found for awider range
of splittings. Indeed, we found good conditions for
circular polarization conversion for the L= 230,�52 nm
gap antenna of Figure 5b, which has a spectral splitting
Δω/ωave of around 0.5. In Figure 7, we present results
for the linear to circular polarization conversion for this
antenna (see Methods). Figure 7a shows the LCP and
RCP scattering intensities emitted by the antenna, for
linear input polarization along X. From these spectra,
we calculated the degree of circular polarization
(DOCP) analogous to the case for linear polarization,
DOCP = (σLCP � σRCP)/(σLCP þ σRCP). Indeed, we find a
near perfect circularly polarized output (i.e., DOCP of 1)
around 1.15 μm wavelength.

To illustrate the validity of the simple two-oscillator
model in case of linear to circular polarization conver-
sion, we plot in Figure 7c,d the corresponding results
obtained using eqs 4a and 4b. Here, the relative widths
and amplitudes of the two polarizabilities Ra and Rb

were adjusted to match the experimental resonances.
Qualitative agreement was obtained for the spectral
response. In particular, we observe in both cases a
Fano-type dip in the RCP spectrum where the perfect
conversion takes place. Also both the model and
experiment agree in the spectral position of the max-
imum CPL conversion. Additional oscillations are pres-
ent in the experimental data which are not predicted
by the simple two-oscillator model. These effects are
attributed to contributions from the corner modes as
observed in the numerical calculations of Figure 2b.
The experimental results of Figure 7 demonstrate the
feasibility of linear to circular polarization conversion in
orthogonal nanorod antennas.

Our results confirm that polarization conversion
caused by orthogonal antennamodes show a universal
scaling with the mode splitting. Depending on the
figure of merit chosen, the sweet spot for the largest
absolute scattering efficiency is obtained for a relative
splitting of 0.2, which in our system is achieved in the
capacitive coupling regime for gap width of around
10 nm. The conversion efficiency monotonously in-
creases with frequency splitting between the two
modes, which is the highest for “kissing” antennas
where a narrow conductive bridge is formed. We
emphasize that the fully connected L-shaped antennas
used in many studies do not show the largest spectral
splittings nor the strongest scattering intensity. The
particular interest of the kissing regime has been
previously identified in the chiral response of three-
dimensional plasmonic oligomers.34 The large spectral
splitting and presence of higher order modes was
found to facilitate a broadband circular dichroism of
such structures. Similarly, we find in Figure 6 that the
most broadband polarization conversion is obtained
for the structures with the largest splitting, correspond-
ing to the regime of touching nanorods.

A related, but different studieswas presented by Yin
et al., who studied similar arrangements of capacitively
coupled perpendicular nanorods but with a displace-
ment in the propagation direction.35 Such structures
showed large optical chirality for D- and L-enantiomers,
where for the D-enantiomer, right-hand circular polar-
ized light coupled to the antibonding mode A and left-
hand circular polarized light coupled to the antibond-
ing mode B (and the reverse for the L-enantiomer). In
our case, the structures have no separation along the
propagation direction so our structures are both D- and
L-enantiomers, and both A and B modes are equally
excited on the nanostructures for right-hand and left-
hand circular polarized light.

The two-oscillator model gives fundamental bounds
to the absolute degree and relative efficiency of polar-
ization conversion that can be achieved in a simple
coupled-oscillator system. Further improvement may
be achieved exploiting, e.g., coupling of antennas to
a reflecting plane with multiple reflections,36 or all-
dielectric antenna designs.37

CONCLUSION

In conclusion, we have investigated theoretically
and experimentally the polarization conversion in both
connected and disconnected gold nanorod dimer
antennas. Our results demonstrate that the polariza-
tion conversion efficiency, scattered intensity, and
degree of polarization of both conductively or capaci-
tively coupled dimer antennas depend on the spectral
splitting between two orthogonal plasmon eigen-
modes. With the carefully design of the antenna mor-
phology, it is therefore possible to accurately control
the degree of polarization of the scattered wave.

Figure 7. (a) Experimental scattering intensity σ for left-
hand (LCP) and right-hand (RCP) circularly polarized com-
ponents of antenna radiation, obtained using L = 230 nm,
�52 nm gap antenna of Figure 5b. Inset: SEM image, scale
bar 100 nm. (b) Degree of Circular Polarization (DOCP)
obtained from (a). (c and d) Circularly polarized scattering
(c) and DOCP (d) calculated using two-oscillator model with
spectral positions, widths and amplitudes corresponding
to experiment. Both experiment and model show near-
perfect circular polarization (DOCP = 1) around 1.15 μm
wavelength.
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In particular, we show that fully connected antennas
used in metasurfaces are not optimized for conversion
efficiency. Much higher efficiencies may be obtained
using kissing antennas, if the reduced absolute scatter-
ing cross section can be compensated, e.g., by increas-
ing the metasurface packing density or increasing

the overall antenna scattering cross section. More
complex planar architectures may be found using the
simple design principles, which combine efficient ma-
nipulation of the phase and polarization of optical
waves, enabling new types of ultracompact optical
devices.

METHODS
3D-Green's Dyadic Method. TheGreen's dyadicmethod relies on

a volume discretization of the system and allows to describe
nanostructures of arbitrary morphology.28 The method rigor-
ously takes into account the dielectric response of the substrate.
The antennas were modeled as three-dimensional objects
with a constant thickness of 40 nm and an in-plane projection
consisting of a rectangular rod with two rounded end-caps (cf.
Figure 4e,f). In the model, we simulated both illumination and
collection of intensities over a numerical aperture (N.A.) of 0.5,
corresponding to the experimental configuration. The illumina-
tion polarization was taken along the X-direction. For the
detected light, both the X- and Y-polarized scattering intensities
were calculated, corresponding to σXX and σXY. To compute σXX
and σXY, we have calculated the electric field radiated in the far-
field by the antennaswhen they are excited by an incident wave
linearly polarized along X. The calculation of σXX and σXY takes
into account the numerical aperture of the collecting optics.

Nanoantenna Fabrication. Nanoantennas were fabricated
using electron beam lithography (JEOL 9300FS) at an accelerat-
ing voltage of 100 kV and awriting current of 1 nA. The borofloat
glass substrate was coated with a MMA (250 nm)/PMMA
(150 nm) bilayer resist. A 20 nm thick conducting copolymer
layer (Espacer 300Z) was used to prevent charging during elec-
tron beamexposure. After exposure, the resist was developed in
methyl isobutyl ketone (MIBK)/isopropyl alcohol (IPA) 1:1 for
60 s. The 2 nm Cr and 30 nm thick Au films were evaporated at a
pressure of 5 � 10�6 mbar. The lift-off was done manually by
soaking in N-methyl-2-pyrrolidone (NMP) for 20 min.

Spatial Modulation Spectroscopy (SMS). SMS is a technique suit-
able for extracting quantitative cross sections by the periodic
modulation of the particle in a tightly focused laser beam.30,31

An achromatic Cassegrain reflective objectivewas used to cover
an extended spectral range in the near-infrared.32 The Support-
ing Information Figure S1 presents the experimental arrange-
ment in detail. A broadband supercontinuum light source was
spectrally filtered and used as a tunable light source. The polari-
zation state was defined using a polarization filter. Light re-
flected from the same surface was collected and analyzed using
a second polarizer. While SMS has advantages compared to
other techniques such as darkfield, it requires a careful calibra-
tion to apply the technique for polarization conversion studies.
In particular, in order to compare the pure scattered intensities
of the antenna, we need to take into account the contribution
from direct (specular) reflection when P1 and P2 were taken
parallel. The Supporting Information Figure S2 explains the
calibration procedure, which involved measuring the spectra
from a parallel dimer antenna, and which resulted in an overall
multiplication factor of 5.0 for the cross-polarized configuration.
A linear correction factor is justified since the extinction and
scattered powers show the same quadratic dependence on
antenna dipole moment in the limit of strong scattering.38 This
correctionwas independently verified using darkfield scattering
measurements as shown in Supporting Information Figure S3.

Linear to Circular Polarization Conversion. To quantify the con-
version from a linear X polarized input to circular polarized
output, two quarter waveplates (QWPs) were placed in the
setup. QWP1 was placed in the input beam before the beam
splitter and was aligned to prepare a circular state after
the beam splitter. This state was converted back into linear
X-polarization using the second QWP2 which was placed just
before the objective and oriented at 45�. The same QWP2 was
used to convert the LCP and RCP circular polarized output states

of the antenna to the X and Y linear polarizations, which could
subsequently be analyzed using polarizer P2.
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