
Controlling the near-field oscillations of loaded
plasmonic nanoantennas
M. Schnell1, A. Garcı́a-Etxarri2, A. J. Huber1,3, K. Crozier4, J. Aizpurua2 and R. Hillenbrand1,3*

Optical and infrared antennas1–6 enable a variety of cutting-
edge applications ranging from nanoscale photodetectors7 to
highly sensitive biosensors8. All these applications critically
rely on the optical near-field interaction between the antenna
and its ‘load’ (biomolecules or semiconductors). However,
it is largely unexplored how antenna loading affects the
near-field response. Here, we use scattering-type near-field
microscopy to monitor the evolution of the near-field oscil-
lations of infrared gap antennas progressively loaded with met-
allic bridges of varying size. Our results provide direct
experimental evidence that the local near-field amplitude and
phase can be controlled by antenna loading, in excellent agree-
ment with numerical calculations. By modelling the antenna
loads as nanocapacitors and nanoinductors9–11, we show that
the change of near-field patterns induced by the load can be
understood within the framework of circuit theory. Targeted
antenna loading provides an excellent means of engineering
complex antenna configurations in coherent control appli-
cations12, adaptive nano-optics13 and metamaterials14.

Optical and infrared antennas based on metal nanostructures
allow for efficient conversion of propagating light into nanoscale
confined and strongly enhanced optical fields, and vice versa1–5,15.
Antennas consisting of adjacent metallic segments (that is, nano-
rods) separated by a nanoscopic gap (gap antennas)1,3,4,7,8,16,17 are
particularly efficient. The near-field coupling across the gap can
generate extremely strong and localized fields, which are essential
for applications such as single-molecule surface-enhanced Raman
spectroscopy (SERS)8 or extreme-ultraviolet (EUV) generation16.
However, the antenna response is very sensitive to small environ-
mental changes at the gap18–20. Thus, the presence of molecules or
semiconductors in the gap (as is usually the case in spectroscopy
or detector applications) can dramatically affect the antenna’s far-
field optical response with the possibility of degrading the
antenna performance. On the other hand, we can take advantage
of this effect for versatile tuning of the antenna response.
Recently, Alù and Engheta9,10 described this possibility in terms of
antenna loading, a concept adapted from radio-frequency (RF)
technology. Following the RF design rules, it has been theoretically
demonstrated that the scattering response and resonance frequency
of optical antennas can be tuned by loading the antenna gap with
either metals or dielectrics acting as inductors or capacitors, respect-
ively. In this Letter, we present an experimental study of how
loading of antenna gaps affects the near-field response using scatter-
ing-type scanning near-field optical microscopy (s-SNOM)21. We
provide direct experimental evidence that the local near-field ampli-
tude and phase response can be controlled by antenna loading.

Our experiments were performed with antennas based on
gold nanorods designed for fundamental dipolar resonance at
mid-infrared frequencies. The rods (1,550� 230� 60 nm) were

fabricated on a silicon substrate by electron-beam lithography and
show a far-field resonance at a wavelength of l¼ 9.6 mm (ref. 2).
Note that the antenna length is significantly shorter than l/2 due
to dielectric screening by the substrate, the large width of the
antenna compared to its length and plasmonic effects15,22. To
study how the progressive loading of an antenna gap affects the
near-field distribution, we used focused ion beam (FIB) milling to
prepare gaps of different shapes and sizes at the centre of the
rods. Using a transmission-mode s-SNOM21,23 operating at a wave-
length of l¼ 9.6 mm (Fig. 1), near-field amplitude and phase
images of the rods were recorded.

In a first experiment with well established dipole antennas2 we
demonstrated that transmission-mode s-SNOM equipped with
dielectric tips allows for reliable mapping of antenna near-field
modes. Figure 2a shows the infrared near-field amplitude and
phase images of a continuous (unmodified) nanorod. The images
reveal strong-amplitude signals at the rod extremities and a phase
jump of about 1808 at the rod centre, providing direct experimental
evidence of an anti-phase field oscillation as expected for the dipolar
near-field mode. To analyse the image contrast, we performed
numerical calculations of the x- and z-components of the near-
field distribution of a 1,550-nm-long nanorod in resonance at a
wavelength of 9.6 mm (see Supplementary Fig. S1). Comparison
with the experimental data clearly shows that the amplitude
and phase of the z-component, jEzj and wz, are probed24

(Fig. 2a, bottom).
In Fig. 2d we study a nanorod that was fully cut in its centre,

representing an unloaded gap antenna. The topography image
clearly reveals the two closely spaced segments separated by a
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Figure 1 | Mapping the near-field distribution of optical antennas with

a transmission-mode s-SNOM. The antenna is illuminated from below

through a transparent substrate. While scanning the sample, the near fields

of the antenna are scattered by the tip and recorded interferometrically,

yielding infrared amplitude and phase images simultaneously to topography.
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central gap of about 80 nm. The near-field images show that both
antenna segments oscillate in a dipolar-like mode, featuring high-
amplitude signals at the antenna extremities and near the gap, as
well as a phase jump of 1808 near the centre of each segment and
inside the gap. This is in good agreement with numerical calcu-
lations assuming an 80-nm gap in the rod centre (Fig. 2d, bottom).

The near-field patterns of the gap antennas are completely
changed when a metal bridge (representing the load) connects the
two antenna segments (Fig. 2b). Near the gap, in contrast to the fully
cut rod (Fig. 2d), no significant near fields are observed. The topo-
graphy clearly reveals the deep, wedge-like cut through the rod
centre and also shows the metal bridge at the lower rim of the rod.
Obviously, the small metal bridge (about 10% of the total cross-
section of the nanorod, estimated from the topography) suffices to
restore the fundamental dipolar near-field mode of the continuous
rod (Fig. 2a). We attribute this effect to a current flow through the
bridge that prevents charge pile-up at the gap.

A highly interesting near-field distribution is observed in Fig. 2c
where a much thinner metal bridge connects the nanorod segments.
The bridge cross-section is estimated from the topography to be
about 2% of the total rod cross-section, thus being significantly
reduced compared to Fig. 2b. The near-field images show striking
differences to both the continuous and fully cut rods. We observe
a significant amplitude signal along the total length of each
segment and a considerable phase gradient of about 808.

To further illustrate this interesting behaviour, we monitored the
near-field oscillations of the antennas in space and time. Owing
to the simultaneous acquisition of amplitude s3(x, y) and phase
w3(x, y) signals, we can represent the near field at a sample position
(x, y) and at time t by

f ðx; y; tÞ ¼ Re½s3ðx; yÞeiw3ðx;yÞ�i2pt=T � ð1Þ

where T is the oscillation period. A series of snapshots of f for all
four antennas investigated in this Letter is shown in Fig. 3. For
the continuous rod (Fig. 3a, obtained from data in Fig. 2a) the snap-
shots clearly show the time evolution of a single dipolar oscillation,
whereas the result for the fully cut rod (Fig. 3d) reveals two closely
spaced dipolar-like modes evolving simultaneously in time. In the
case where the tiny metal bridge connects the antenna segments
(Fig. 3c), however, we observe a significant time delay between the
near fields at the gap and the antenna extremities.

To analyse the near-field behaviour of the metal-loaded antennas
(Fig. 2b,c), we calculate the z-component of the near-field amplitude
jEzj and phase wz, assuming an 80-nm gap in between the antenna
segments, loaded with 80-nm-long cylindrical gold bridges of dia-
meters between b¼ 0 nm and b¼ 230 nm. The results (see
Supplementary Fig. S2) reveal that by progressive antenna loading
(increasing bridge diameter b) the near-field pattern of the fully
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Figure 2 | Near-field images of progressively loaded nanoantennas at a wavelength of l 5 9.6 mm. a, Continuous rod antenna. b, Low-impedance loaded

antenna where a thick metal bridge connects the two antenna segments. c, High-impedance loaded antenna where a tiny metal bridge connects the two

antenna segments. d, Fully cut antenna where the two antenna segments are completely separated. Top: Experimental results showing topography and near-

field amplitude s3 and phase w3 images. Bottom: Theoretical near-field distribution of a model system, a 1,550-nm-long gold rod with diameter d¼ 230 nm

and an 80-nm gap in its centre, embedded in an effective medium of dielectric value 1eff¼ 6.34. The gap is bridged by gold disks of 80 nm length with

diameters b¼ 230 nm (a), b¼ 80 nm (b), b¼ 40 nm (amplitude image, c) and b¼ 30 nm (phase image, c), b¼0 nm (d). The near-field images show the

z-component of the electric field in amplitude Ez and phase wz in a height of 50 nm above the rod surface. In all phase images, the phase is set to 08 at the

left antenna extremity.
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cut rod (b¼ 0) evolves towards the fundamental dipolar mode of
the continuous rod. Comparing experiment and theory, we can
assign to each s-SNOM image a calculated near-field pattern. For
the antenna in Fig. 2b we obtain good agreement for a bridge diam-
eter b¼ 80 nm, which corresponds to 12% of the rod’s cross-
section. This is consistent with the bridge size estimated from the
topography image. The s-SNOM images in Fig. 2c match well
with calculated near-field patterns for b between 30 to 40 nm
(�2% of the rod cross-sectional area), thus confirming that
indeed a tiny metallic bridge is connecting the two segments in
our experiment. It is interesting to note that the variation of the
single parameter b is sufficient to reproduce all the experimentally
observed near-field patterns (Fig. 2a–d).

To provide further theoretical insights, we calculated the extinc-
tion spectra of the gap antennas for bridge diameters between 0 and
100 nm; these are summarized in the contour plot of Fig. 4a. For
large bridge diameter b, we observe a first-order dipolar mode
(D1) of the antenna at around l� 10 mm (according to the exper-
imental and theoretical near-field distributions shown in Fig. 2b)
and a weaker second-order dipolar mode (D2) at l¼ 3.5 mm.
With decreasing bridge diameter b, we observe a slight redshift of
both modes. Reaching small bridge diameters b , 50 nm, the beha-
viour changes significantly. The first-order mode (D1) experiences a
divergent redshift at b� 20 nm while being increasingly damped.
This can be explained by the restriction of the charge flow across
the gap that is necessary to build up a mode structure compatible
with D1. Thus, in the limit of very small bridge diameters, the
first-order mode (D1) cannot be excited anymore. The second-
order mode (D2), in contrast, is enhanced with decreasing b and
turns into the first-order mode of the coupled nanorods (C1),
owing to the compatible structure of both modes. Considering
now the antenna response at the fixed wavelength l¼ 9.6 mm, we
clearly observe a transition from the first-order dipolar mode
(D1) of a continuous rod (large b) towards the mode of the

coupled nanorods (C1) when b is decreasing. At a given bridge
diameter of �30 nm (corresponding to our experimental situation
where a tiny bridge connects the antenna gap, Fig. 2c) the
antenna response at a wavelength of l¼ 9.6 mm lies in between
the two branches coming from D1 and D2. Thus, the near-field dis-
tribution of the antenna comprises contributions of both branches,
yielding the strong phase shift on each antenna segment, an effect
that we clearly identify in both the experimental and calculated
near-field images.

In the RF range, circuit theory is an essential tool for the efficient
design of antenna devices. Adopting RF concepts, we now show how
the behaviour of our loaded infrared antennas can be explained
within the framework of optical circuit theory, which has recently
been introduced by Engheta and colleagues9–11. We can describe
the impedance of the antenna load Zload as a parallel circuit com-
posed of the inductive impedance of the metallic bridge Zbridge
and the capacitive impedance of the effective medium filling the
gap Zgap, given by

Zbridge ¼
ig

v1Aupðb2Þ
2 ; Zgap ¼

ig

v1effp ðd2Þ
2 � ðb2Þ

2� � ð2Þ

Here, g is the gap width (80 nm), v the infrared frequency, 1Au the
dielectric value of gold and 1eff the dielectric value of the effective
medium filling the gap of our model antennas considered in Figs 2
and 4a. In Fig. 4b we display a contour plot that shows the value
of the load reactance Xload (given by Zload¼ Rload 2 iXload) as a func-
tion of bridge diameter b and wavelength l, highlighting regions of
inductive (blue) and capacitive (red) behaviour. Comparing the evol-
ution of the antenna modes (Fig. 4a) with the behaviour of Xload
(Fig. 4b), we find an interesting connection: the first-order mode
D1 strongly shifts to longer wavelengths when Xload increases (more
inductive, displayed in darker blue). The region of capacitive Xload,
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Figure 3 | Time evolution of the antenna’s near-field distribution f obtained from the experimental data of Fig. 2. a, Continuous rod antenna.

b, Low-impedance (inductive) loaded antenna (thick metal bridge). c, High-impedance (inductive) loaded antenna (tiny metal bridge). d, Fully cut antenna.

T denotes the oscillation period. The corresponding movie of the near-field oscillations is provided in the Supplementary Information.
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however, does not support the D1 mode. The intensity of the D2
mode in contrast strongly increases when the load becomes mainly
capacitive. We can describe the load-induced spectral shifts of the
antenna modes by modelling our infrared dipole antennas as a
series combination of the dipole intrinsic impedance Zdip¼ Rdip 2

iXdip (Fig. 4c) and the load impedance Zload (refs 9,10). In this equiv-
alent circuit, the antenna resonance occurs when the load reactance
cancels the dipole intrinsic reactance, Xload¼ –Xdip. Evaluating this
condition, we obtain the resonance wavelength as a function of
bridge size b. The result is shown in Fig. 4b by dashed lines. For
large b, the circuit resonance appears at a wavelength of �9.3 mm,
which is in good agreement with the resonance wavelength obtained
from the extinction spectrum (Fig. 4a). With decreasing b, still in the
inductive region, we find that the circuit resonance is redshifted owing
to an increase of the load reactance Xload (darker blue). Below the
critical bridge size bc—which we define as the turning point where
the load changes from inductive to capacitive nature—the circuit res-
onance suffers an abrupt change, shifting to shorter wavelengths
owing to the change of sign of Xload, and correspondingly of Xdip.
Comparing the evolution of the circuit resonances (dashed lines in
Fig. 4b) with the spectral behaviour of the antenna modes (dashed
lines in Fig. 4a), we find a remarkable agreement considering the sim-
plicity of the model based on classical antenna theory. We expect an
even better agreement by taking into account plasmonic effects15 that
are already present at infrared frequencies6,25.

Finally, we address how the role of the load impedance affects the
near-field distribution of the antennas. At l¼ 9.6 mm the dipole
intrinsic impedance amounts to Zdip¼ (17þ 2i) V (Fig. 4c). For
large bridge diameters (b . 80 nm) we find that the load impedance
Zload is considerably smaller than Zdip, thus facilitating current flow
through the load. Consequently, accumulation of charges at the gap
is very low, yielding negligible near fields in its vicinity (Fig. 2b).
Below the critical bridge size bc, the load impedance is of capacitive
nature. Therefore, charges are piled up at the gap, which generate
strong near fields, as observed both in experiment and calculations
(Fig. 2d). Interestingly, the deviation of the near-field patterns from
dipolar-like modes (Fig. 2c) occurs close to the critical bridge size
(see also Supplementary Fig. S2), thus confirming that the change
of the near-field distribution is a consequence of the transition
from inductive to capacitive load impedance.

In conclusion, the near-field images of gap antennas presented
here provide direct experimental evidence that the local near-field
amplitude and phase distribution can be controlled by antenna
loading. This opens the door for designing near-field patterns without
the need to change antenna length, which could be highly valuable for
the development of compact and integrated nanophotonic devices.

Methods
Near-field microscopy. Our s-SNOM21,23 is based on an atomic force microscope
(AFM) in which cantilevered tips locally scatter the near fields of the antennas
(Fig. 1). Recent s-SNOM studies24,26–28 of plasmon-resonant nanostructures have
shown that dielectric tips and appropriate polarization schemes reduce the tip–
sample near-field interaction, allowing for faithful mapping of plasmonic near-field
modes. In our setup we thus use silicon tips and illuminate the sample from below
(transmission-mode). Owing to weak focusing, the laser beam is polarized parallel to
the sample surface with only a negligible component along the tip axis. We thus
achieve efficient excitation of the antennas and avoid direct excitation of the tip.
Furthermore, the transmission mode offers the advantage of homogeneous antenna
illumination, thus avoiding phase-retardation effects27 inherent to the backscattering
geometry in typical s-SNOM experiments.

Imaging of the antennas was performed with a CO2 laser operating at
l¼ 9.6 mm. The polarization of the incident field was adjusted to be parallel to
the antenna axis and the polarization of the reference beam was chosen parallel to
the tip axis (z-axis). The tip-scattered light was collected with a parabolic mirror and
recorded simultaneously with topography. Background contributions were
suppressed by vertical tip oscillation at frequency V and by subsequent higher-
harmonic demodulation of the detector signal at nV with n� 2 (refs 21,24,26,27).
In combination with pseudoheterodyne interferometric detection, near-field optical
amplitude sn and phase wn images were obtained23.
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Figure 4 | Comparison of numerical calculations and antenna theory.

a, Extinction cross-section calculated for the antennas considered in Fig. 2 as

a function of the bridge diameter b, normalized to the projected area of the

antenna. The dashed black lines trace the extinction resonances. The first-

order and second-order modes of the continuous rod are marked by D1 and

D2, respectively. For antennas with b¼0 (isolating gap), C1 is the first-order

mode. The zero-order mode C0 is unphysical because it would have finite

charge on each antenna segment22. b, Top: Contour plot displaying the load

reactance Xload as a function of b and wavelength l. Regions of capacitive

reactance (negative Xload) are shown in red, regions of inductive reactance

(positive Xload) in blue. The black dashed lines trace the first-order antenna

resonances calculated by means of circuit theory. Bottom: Load resistance

Rload and load reactance Xload displayed as a function of b, calculated for

l¼ 9.6 mm. c, Intrinsic resistance Rdip and reactance Xdip of a cylindrical

dipole antenna as a function of wavelength. The calculation is based on

standard equations of antenna theory30 and assumes a 1,550-nm-long antenna

of 230-nm diameter embedded in an effective medium with 1eff¼ 6.34.
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Because of the weak scattering efficiency of the silicon tips, we needed to operate
with tapping amplitudes of �200 nm. For such large tapping amplitudes,
background contributions were not fully suppressed, even with signal demodulation
at n¼ 3. Nevertheless, background-free near-field images could be obtained by
complex-valued subtraction of the background contribution because (i) s-SNOM
signals obtained by pseudoheterodyne interferometric detection are a linear
complex-valued sum of near-field and background contributions23, and (ii) the
background in the presented experiments was found to be constant in the x–y plane.

Numerical calculations. The near-field distribution (Fig. 2) and the extinction
cross-section (Fig. 4a) of the antennas were calculated numerically with the
boundary element method (BEM)29. Note that in the experiment the antenna
consisted of flat sections of gold on a silicon substrate, with air above the substrate,
whereas the calculations were based on cylindrical rods situated in an effective
medium. The dielectric value of the effective medium was chosen such that the
resonance of the continuous rod (b¼ 230 nm) matched the experimental resonance
measured for the 1,550-nm-long gold nanorod on the silicon substrate2. Owing to
the presence of the silicon substrate (the effective medium surrounding the antennas
in the numerical calculations), the resonance is strongly redshifted when compared
to nanorods situated in air22.

The near-field distributions were calculated for a height of 50 nm above the
antenna surface. This value was chosen in order to obtain best agreement between
the experimental and numerical near-field patterns for the continuous and the fully
cut rods (Fig. 2a,d). Note that in the experiments the bridge dimensions can only be
estimated from the topography images. Further, the calculations do not take into
account the V-shape of the gap. Both aspects could explain the differences between
the theoretical and experimental bridge size for a given near-field pattern. Also, this
might be the reason why we find the best agreement for amplitude and phase images
for slightly different bridge diameters.
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