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ABSTRACT: Plasmonics is considered as one of the most
promising candidates for implementing the next generation of
ultrafast and ultracompact photonic circuits. Considerable
eﬀort has been made to scale down individual plasmonic
components into the nanometer regime. However, a compact
plasmonic source that can eﬃciently generate surface plasmon
polaritons (SPPs) and deliver SPPs to the region of interest is
yet to be realized. Here, bridging the optical antenna theory
and the recently developed concept of metamaterials, we
demonstrate a subwavelength, highly eﬃcient plasmonic source for directional generation of SPPs. The designed device consists
of two nanomagnetic resonators with detuned resonant frequencies. At the operating wavelength, incident photons can be
eﬃciently channeled into SPP waves modulated by the electric ﬁeld polarization. By tailoring the relative phase at resonance and
the separation between the two nanoresonators, SPPs can be steered to predominantly propagate along one speciﬁc direction.
This novel magnetic nanoantenna paves a new way to manipulate photons in the near-ﬁeld, and also could be useful for SPPbased nonlinear applications, active modulations, and wireless optical communications.
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high-density integration and fast modulation. In order to
overcome this limitation, nanostructures on the metal surface,
such as a single subwavelength slit9−11 or an aperture12−14 that
is isolated or dressed by shallow corrugations, have been used
to launch SPPs. Nevertheless, these conﬁgurations present the
disadvantage that only a small fraction of the impinging light is
coupled into SPP modes. Moreover, light orthogonally incident
on an asymmetric structure can generate surface waves
propagating only along one direction due to the interference
of plasmon waves.15−17
In this letter, we theoretically conceive and experimentally
demonstrate a novel resonant optical antenna that serves as an
eﬃcient and directional plasmonic source. As the counterpart of
radio wave and microwave antennas, optical antennas have
emerged as a new scheme to manipulate the transmission and
reception of optical ﬁelds at the nanoscale.22,23 Many intriguing
phenomena and applications, such as controllable or enhanced
light emission,24,25 compact photodetectors,26,27 high-resolution microscopy28,29 and low-power optical trapping,30 have
been realized in the context of optical antennas. In particular,
the emission of a quantum emitter into free space is

or over 50 years, photonic structures and devices have
produced remarkable outcomes in telecommunications,
information processing, and biomedical sensing. The miniaturization of photonic devices may potentially enable chip-scale
processors and communication systems with low power
consumption, ultrahigh-resolution imaging and lithography, as
well as new sensors with unprecedented sensitivity and
speciﬁcity. As an emerging branch in nanophotonics,
plasmonics has achieved substantial advancements during the
past decade, thanks to the unique properties of subwavelength
optical conﬁnement and signiﬁcant ﬁeld enhancement of SPPs
in metallic nanostructures. The vibrant and interactive research
of plasmonics has resulted in exciting applications in multiple
disciplines, ranging from nearﬁeld microscopy and spectroscopy, biomedical sensing, photovoltaics, to integrated optical
devices.1−3 In particular, various plasmonic optical components,
including lenses,4 reﬂectors,5 waveguides,6 demultiplexers,7 and
modulators,8 have been reported, demonstrating the potential
capabilities of plasmonics to shrink the photonic circuits below
the diﬀraction limit.
As one of the key elements for the future implementation of
plasmonic devices, SPP sources, which are either optically9−17
or electrically driven,18−20 have attracted considerable attention. The conventional optical scheme to eﬃciently convert
free-space light into SPP modes utilizes prisms and gratings.21
However, these “bulky” optical conﬁgurations are not ideal for
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conventional optical antennas. At the resonance, the nanomagnetic resonator strongly interacts with light, and when the
resonator reradiates energy, part of the light will be coupled
into SPP modes. The excited SPPs generated by the
asymmetric resonators constructively or destructively interfere,
depending on the working frequency and the distance between
the two resonators. As a result, the propagation of SPPs can be
directional. To the best of our knowledge, it is the ﬁrst
demonstration of directional excitation of SPPs based on
metamaterial structures. As demonstrated in the following, the
dimension of the device is smaller than the wavelength of light
in all three dimensions compared with early work,15−17 and the
generation eﬃciency of SPPs is several times higher than
previous designs thanks to the strong resonance nature of the
magnetic metamaterial structure. Furthermore, we expect that
our approach of using magnetic resonators (magnetic dipoles)
can also be applied to control free-space propagating waves, in
contrast to conventional optical antennas based on assembly of
metallic nanostructures (electric dipoles).
We ﬁrst perform numerical simulations of individual
magnetic resonators to better understand the underlying
mechanism (Commercial software CST Microwave Studio
and COMSOL Multiphysics are used for the simulations). The
width (W1) and the length (L1) of the large resonator are 315
and 185 nm, respectively, and the corresponding values (W2
and L2) for the small resonator are 250 and 150 nm,
respectively. Both the metallic disk and the dielectric spacing
layer are 40 nm thick. Low-index dielectric MgF2 (refractive
index n = 1.35) is used as the spacing layer, and gold is chosen
for the metallic disk and the substrate. The permittivity of gold
(εm(ω)) is described as the Drude model by ﬁtting the
experimental data from the literature.40 The excitation plane
wave normally impinges on the resonator, and the magnetic
ﬁeld polarizes along the y-axis. Figure 2a depicts the
distribution of the magnetic ﬁeld (color map) and the
displacement current (black arrows) at resonance. The
displacement current clearly forms a loop, implying a strong

considerably modiﬁed when the emitter is located close to an
optical antenna.31−34
Applying the optical antenna theory, we utilize paired
metamaterial structures to eﬃciently excite SPPs and steer
these evanescent waves to propagate predominantly along one
speciﬁc and predetermined direction. Figure 1 schematically

Figure 1. Schematic of the compact magnetic antenna that can
generate directional SPPs. The antenna consists of two magnetic
resonators with diﬀerent geometries. Each magnetic resonator is made
of a metallic nanodisk that is separated from a metal substrate by a
dielectric layer.

shows the conﬁguration of the device. It consists of two
building blocks, each of which is a metallic nanodisk on top of a
metal surface sandwiched with a dielectric layer. Because of the
coupling with its mirror image in the metal substrate, the
metallic nanodisk supports strong magnetic resonance,35,36
which has been widely studied in the ﬁeld of metamaterials.37−39 The magnetic resonance frequency can be readily
controlled by the geometry of the disk, the thickness of the
dielectric layer, and the material dielectric function, oﬀering an
extra degree of freedom in the design compared with

Figure 2. Magnetic resonance of the resonator. (a) The color map shows the magnetic ﬁeld (Hy) distribution of the resonator, while the black arrows
represent the electric displacement current. (b) The enhancement of the local magnetic ﬁeld at the center of the two resonators. The blue dashed
curve corresponds to the spectrum of the resonator with length L1 = 315 nm and width W1 = 185 nm, and the red curve is for a smaller resonator
with L2 = 250 nm and W2 = 150 nm. (c) The relative phase diﬀerence of the two resonators.
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Figure 3. The electric ﬁeld distribution of SPPs under the magnetic dipole approximation. The distance of the two dipoles is (a) 300 nm and (b) 600
nm, respectively. The phase diﬀerence of the two dipoles at a wavelength of 820 nm is taken from Figure 2c.

Figure 4. Experimental demonstration of the directional excitation of SPPs. (a) Schematic illustration of the experimental setup. (b, c) Scanning
electron microscope (SEM) images of the fabricated nanoantenna sample. The distance between the two magnetic resonators is 300 and 600 nm,
respectively. (d, e) Leakage radiation microscopy results for nanoantennas (b, c), respectively. The collected phase fronts of the SPPs launched at the
air−gold interface are irrefutably directional and are remarkably in agreement with the theoretical simulation shown in Figure 3. (f, g) Respective
Fourier plane of the images (d) and (e). The leakage radiation collected by the oil immersion objective clearly conﬁrms the directionality of the SPP
waves, which are emitted just above the critical angle (smaller dashed circle), as expected from the evanescent nature of SPPs. The yellow curves in
the insets of (f, g) represent the line proﬁle along the x-axis of the Fourier plane.
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magnetic moment. In Figure 2b, we plot the magnetic ﬁeld at
the center of the MgF2 layer. The peaks in the spectra indicate
the resonance wavelengths. Compared with a larger resonator, a
smaller one resonates at relatively shorter wavelength due to
the reduced capacitance and inductance of the structure. As
expected, there is a relative phase diﬀerence between the two
resonators, as shown in Figure 2c, which will be used as a key
parameter in the design of the magnetic nanoantennas.
The magnetic resonator can be modeled as a magnetic dipole
oscillating along the y-axis, owing to its subwavelength
dimensions. Similar to an electric dipole, the large wave vector
components of the magnetic dipole can launch SPPs when the
antenna is close to a metal surface. Because the two magnetic
resonators oscillate with diﬀerent phases, the excited surface
waves constructively or destructively interfere, resulting in
directional propagation of SPPs. In order to conﬁrm our
prediction, we numerically calculate the ﬁeld distribution of
SPPs in the x−y plane, which are excited by two magnetic
dipoles with diﬀerent phases. Under the dipole approximation,
the radiated ﬁeld of SPPs from one magnetic dipole is given
by41

(1)

m indicates the magnetic dipole, n̂ is the unit vector in
where ⇀
r with respect to the position of the dipole,
the direction of ⇀
and ksp is the wave vector of SPPs given by ksp = (2π/
λ)[εm(ω)/(εm(ω) + 1)]1/2. Parts a and b of Figure 3 plot the
ﬁeld for two magnetic dipoles with separation distance D = 300
nm and D = 600 nm, respectively. The wavelength λ is 820 nm,
and the phase diﬀerence of the two magnetic dipoles is taken
from Figure 2c. One can clearly see the directional propagation
of SPPs for both cases, while propagating in opposite
directions. To further conﬁrm our design, we perform threedimensional full wave simulations considering the realistic
geometry of the structure (Supporting Information), in which
the ﬁeld distributions show excellent agreement with the results
based on the dipole approximation. We also quantitatively
compare the integrated intensity of SPPs in the negative and
positive half space of the x-axis, which gives a ratio of 10.5:1
and 1:9.7, respectively, as the distance of the two magnetic
resonators is 300 and 600 nm.
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the peak intensities between the backward propagating SPPs
(along −x axis) and the forward propagating SPPs (along +x
axis) is about 2.69, clearly showing the good directionality of
the SPPs. Figure 4e shows that the phase front of the SPPs
dramatically changes direction for the interparticle separation
equal to 600 nm. In this case, the SPPs propagate along the +x
direction. The leakage radiation imaged at the Fourier plane
(Figure 4g) shows a lobe in diametrically opposite direction,
compared to the case of a smaller interparticle separation (D =
300 nm). From Figure 4g, we can determine that the ratio
between SPP propagating along the forward and backward
direction is about 1.66.
It has to be noticed that the radiation angle of SPPs appears
large, since we only have two magnetic resonators in the
current design. In principle, enhanced directionality (i.e., a
narrower radiation angle) can be realized by incorporating
more resonators with carefully designed geometries, which
function individually as the reﬂector, feed, and director similar
to the Yagi−Uda antenna. Furthermore, when normalized to
the energy per unit area, a magnetic resonator converts light
illuminating an area of 1.35 times larger than its physical size
into SPPs. That is, the excitation eﬃciency can be more
accurately estimated to be about 135% (red circles in Figure 5).

We employ leakage radiation microscopy and conoscopic
detection on single antennas to experimentally demonstrate the
directional excitation of SPPs at the air-gold interface.11,14,42
The experimental setup is schematically illustrated in Figure 4a.
Two objectives are confocally aligned and used for the
excitation (top) and the detection (bottom) of the SPP wave
and its leakage radiation. A pulsed Ti:sapphire laser with 130 fs
pulses and 40 μW average power at a wavelength of 820 nm is
used as the coherent excitation source. The pump beam is
launched through the top objective (40×, 0.65 NA) and
strongly interacts with the nanoantennas. The excited SPPs at
the air−gold interface can radiatively leak through the thin
metal ﬁlm and be collected by the bottom oil immersion
objective (100×, 1.4 NA). Imaging the Fourier plane of the
bottom objective provides the measurement of the refracted
angle and the direction of the propagating SPP wave at the air−
gold interface. The images at the object plane and the Fourier
plane are both taken by standard charge-coupled devices
(CCD).
We fabricate the nanoantennas by the standard electron
beam lithography technique. Figure 4b and c shows the
scanning electron microscope images of the fabricated
nanoantennas. We ﬁrst test and calibrate the detection system
by illuminating a grating fabricated on the same substrate used
to fabricate the resonant nanoantennas (Supporting Information). In this case, two clear SPP jets can be observed, which
symmetrically propagate away from the grating structure along
the polarization axis. Imaging the Fourier plane allows the
propagation directions of the wavevectors in k-space to be
mapped into the physical space. The two symmetric lobes in
the k-space clearly indicate that the wavevectors of the two
launched SPP jets are in opposite directions.
The images of leakage radiation and their conoscopic images
at the Fourier plane for single antenna structures are shown in
Figure 4d−g. One can notice that the leakage radiation images
(Figure 4d and e) exhibit typical fringe patterns, which arise
from the interference of the directly transmitted light and the
leakage radiation of SPPs. Because of the laser light coherence,
such interference fringes provide the phase information of the
SPPs propagating along the surface. In the case of a separation
of D = 300 nm and electric ﬁeld polarization along the x-axis
(Figure 4d), we observe that the SPP phase front propagates
away from the nanostructures along the −x direction, which is
consistent with the numerical simulation (Figure 3a). The
experimental result shown in Figure 4d is after proper
normalization to reduce the background noise. In order to
normalize the data, we image the structures under the same
excitation intensity but with a diﬀerent electric ﬁeld polarization
(along the y-axis). In this case, the exited SPPs are negligible,
since the resonators are oﬀ resonance. The corresponding
radiation pattern in the k-space for D = 300 nm is represented
by the Fourier plane image in Figure 4f. The outer whitedashed circle in Figure 4f represents the objective back-aperture
borderline, whereas the inner one represents the angle at which
light is totally internally refracted (TIR). The leakage radiation
from the propagating SPP wave generates a radiation pattern
constituted by a dominant lobe at higher emitted angles than
the TIR ring. The presence of a single lobe is a clear indication
of the directionality of the SPP phase front. The lobe is located
at a slightly larger axial location than the position of the TIR
ring at the Fourier plane, conﬁrming the observed signals are
indeed SPPs at the air−gold interface. The inset in Figure 4f
represents the line-cut along the horizontal x-axis. The ratio of

Figure 5. The spectral response of the normalized excitation eﬃciency
of SPPs for a magnetic resonator (red circles) and a nano aperture
(blue diamonds). The length and width of the magnetic resonator are
250 and 150 nm, respectively. The aperture is milled through a 50 nm
gold ﬁlm but with the same physical dimension.

Such a high eﬃciency can be attributed to the strong resonance
nature of magnetic resonators and thus a large scattering cross
section. For comparison, we simulate the normalized excitation
eﬃciency for an aperture (blue diamonds in Figure 5) with the
same physical dimension (250 nm × 150 nm) that is milled
through a 50 nm gold ﬁlm. The excitation eﬃciency of SPPs
shows a broader spectral response with the maximum eﬃciency
of about 25% centered at 780 nm wavelength. The calculated
eﬃciency is consistent with previous work considering diﬀerent
aperture geometries,14 although here we did not purposely
optimize the aperture size. Therefore, the eﬃciency of our
magnetic antennas is at least 5 times larger than that of single
apertures, and also 3 times larger than the single slits case,10,11
which are both plasmon sources using scatters (electric
dipoles). It is interesting to further compare the excitation
eﬃciency of electric and magnetic antennas with diﬀerent
designs, which we will present somewhere else in the future.
In conclusion, we have theoretically and experimentally
demonstrated a compact nanoantenna constituted by a pair of
magnetic resonators, which can eﬃciently generate directional
SPP waves. Leakage radiation microscopy on single magnetic
antennas clearly demonstrates the highly directional propaga4856
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(12) Sönnichsen, C.; Duch, A. C.; Steininger, G.; Koch, M.; von
Plessen, G.; Feldmann, J. Launching surface plasmons into nanoholes
in metal films. Appl. Phys. Lett. 2000, 76, 140−142.
(13) Yin, L.; Vlasko-Vlasov, V. K.; Rydh, A.; Pearson, J.; Welp, U.;
Chang, S.-H.; Gray, S. K.; Schatz, G. C.; Brown, D. B.; Kimball, C. W.
Surface plasmons at single nanoholes in Au films. Appl. Phys. Lett.
2004, 85, 467−469.
(14) Baudrion, A.-L.; et al. Coupling efficiency of light to surface
plasmon polariton for single subwavelength holes in a gold film. Opt.
Express 2008, 16, 3420−3429.
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tion of the SPPs at the air−gold interface, in very good
agreement with the theoretical and numerical analysis. The
eﬃcient generation of SPPs in the magnetic nanoantennas is
superior to previous work based on single slits or single
apertures, thanks to the strong resonance nature of magnetic
resonators. The device is subwavelength in all three
dimensions, which will be a fundamental building block for
the next generation of integrated plasmonic circuits. The
metal−insulator−metal geometry in our design may facilitate
the further development of directional plasmon sources with
electrical pumping, when semiconductor or organic materials
are used in the spacing layer.18,19 The device can perform as a
SPP generator, point-to-point wireless interconnect, or planar
biochemical sensor. Finally, by incorporating emitters into the
magnetic antenna, we may enhance transition rates, increasing
the emission eﬃciency and the coupling between emitters and
surface plasmons for potential quantum optical applications.
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