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ABSTRACT: Engineering the optical magnetic field with
optical antennas or metamaterials extends the ways to control
light-matter interaction. The slot antenna, as the electro-
magnetic dual of the linear rod antenna, provides the simplest
form of a magnetic resonator tunable through its length. Using
combined far- and near-field spectroscopy and imaging, and
theory, we identify magnetic dipole and higher order bright
and dark magnetic resonances at mid-infrared frequencies.
From resonant length scaling and spatial near-field distribu-
tion, we confirm the applicability of Babinetʼs principle over
the mid-infrared spectral region. Babinet's principle thus provides access to spatial and spectral magnetic field properties, leading
to the targeted design of magnetic optical antennas.
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Controlling the optical magnetic field with optical antennas
or metamaterials provides for new ways of tuning the

near-field light−matter interaction.1−5 Because the magnetic
dipole transition probability is in general ∼104 times smaller
than the electric dipole transition, the magnetic response at
optical frequencies is typically weak.6−8 However, in addition to
the transition moment, the interaction rate highly depends on
the electromagnetic local density of states (EM-LDOS), which
can be modified through the local environment. Examples
include the use of magnetic plasmonic structures for magnetic
field enhancement over 100 times,9−11 achieving magnetic
nonlinear effects with metamaterials,12 nanorod metamaterials
for biosensing,13 or tailoring the magnetic dipole emission with
plasmonic structures.14

Despite the prominent role of the magnetic field in many
nano-optical devices, probing magnetic resonances and local
magnetic near-field properties, as desirable for design and
device performance evaluation, has remained difficult.15−18

Vector-resolved electric near-field measurements at optical
frequencies using scanning near-field probes can be used to
derive the magnetic field through Maxwellʼs equations.16,19

Equally indirect, aperture-based near-field imaging allows one
to investigate the magnetic field coupled through a fiber.15,20−22

However, these methods require specially fabricated nanop-
robes or numerical modeling for data interpretation.
Here we demonstrate experimentally and theoretically the

application of Babinetʼs principle in the infrared (IR) as a

generalized principle to gain insight into the spatio-spectral
properties of magnetic resonances, specifically from the
comparison of the optical rod and slot antenna as a prototypical
system.23−29 We show that electromagnetic duality can be used
to access the optical magnetic field and its structural resonance
of optical rod antennas as the dual to the slot antenna in both
its far-field spectral and near-field spatial response. This
confirms that the theoretical requirement of Babinetʼs principle
for the structure to be infinitely thin and perfectly conducting is
still fulfilled to a good approximation in the IR.
As illustrated in Figure 1a, Babinetʼs principle provides a

theoretical link between the electric and magnetic field of an
electromagnetic structure and its complement.30−33 The fields
of structure 1 (rod) and its complement 2 (slot), are related by
E1/c = B2 and E2/c = −B1. Application of this principle provides
spectroscopic and spatial access to the optical magnetic field of
a structure by measuring the corresponding electric field
properties of its complement. This approach is widely used in
radio frequency (RF) antenna and THz metamaterial
design,32,34,35 which we extend to the mid-IR.36,37 We also
discuss the general range of validity of Babinetʼs principle
throughout the entire electromagnetic spectrum.
Slot antennas were fabricated by focused ion beam (FIB)

milling into a thermally evaporated 50 nm thick Au film on KBr

Received: June 12, 2014
Published: August 6, 2014

Article

pubs.acs.org/journal/apchd5

© 2014 American Chemical Society 894 dx.doi.org/10.1021/ph5001988 | ACS Photonics 2014, 1, 894−899

pubs.acs.org/journal/apchd5


and on silicon (with an approximately 3 nm native SiO2 layer).
The slot lengths range from 500 to 2600 nm with width of 150
nm. The individual slots are separated by >20 μm to allow for
their individual far-field spectroscopic characterization. The Au
thickness of 50 nm was chosen to be greater than the optical
skin depth of Au of about 20 nm throughout the IR.38

To determine the resonant wavelength of slot antennas, the
transmission spectra of the individual slot antennas on a KBr
substrate were measured using an IR microscope at Beamline
1.4 at the Advanced Light Source (ALS) synchrotron at
Lawrence Berkeley National Laboratory, providing bandwidth
from 800−10000 cm−1. For illumination and collection two
Schwarzschild type objectives were used (32 × , NA = 0.65),
with nominal incidence angle between 18° and 40° at focus.
Spectra were measured using a Fourier transform infrared
(FTIR) spectrometer (Nexus 870, Thermo Nicolet Corp.)
equipped with a HgCdTe (MCT) detector and averaged over
512 scans with a spectral resolution of 32 cm−1. As illustrated in
Figure 1b, the polarization at the sample focus was set
perpendicular to the slot axis as required for excitation of slot
antenna resonances.
Near-field measurements were performed by scattering-type

scanning near-field optical microscopy (s-SNOM) based on an
atomic force microscope (AFM, Innova, Bruker Corp.) in
noncontact imaging mode (see Figure 1) as described
previously.16,39 For that purpose, mid-IR light was generated
by difference frequency generation (DFG) in a GaSe crystal of
the signal and idler beam from a fan-poled LiNbO3-based
optical parametric oscillator (OPO, Chameleon, Coherent Inc.)
pumped by a Ti:sapphire oscillator (Mira-HP, Coherent, Inc.).
The IR radiation (∼280 μW, full width at half-maximum
bandwidth of 85 cm−1, pulse duration of 220 fs, and repetition
rate of 80 MHz), polarized normal to the slot orientation, is
focused to a nearly diffraction-limited spot at the tip−sample
region with side illumination, using a 25.4 mm working distance
90° off axis parabolic (OAP) reflector. The tip-scattered
antenna near-field is collected by the same parabolic mirror
in a backscattering geometry and filtered by a vertical polarizer
before being directed to a MCT detector, where it is detected
interferometrically. Demodulation of the signal at the second or
higher harmonic of the tip-dither frequency ΩAFM using a lock-
in amplifier suppresses the far-field background signal.39 s-
SNOM imaging provides a two-dimensional map of the z
component of the electric near-field Ez, assisted by the
preferential scattering of the tip-parallel field component.
Homodyne interference and reference phase are adjusted
such that the Ez near-field signal is symmetric with respect to

the substrate nonresonant background, as is adequate for
imaging resonant structures with a simple 90° phase behavior.
For a full three-dimensional field simulation of the slot

antenna, two commercial finite-element analysis software
packages were employed independently and for comparison
(COMSOL Multiphysics and ANSYS HFSS). The simulated
geometry is a stack consisting of a substrate (KBr ε = 2.36, or Si
ε = 11.7), a 50 nm Au layer, and air at the top. A surrounding
perfectly matched layer (PML) is added to prevent boundary
reflections. The plane wave is simulated to be incident under
variable angles with respect to the surface normal from the top
air layer, and polarized normal to the slot orientation. The
dielectric function of Au is taken from recent broadband
spectroscopic ellipsometry measurements of a thermally
evaporated sample.38 Transmission spectra are obtained by
calculating the transmission for each frequency. The spatial
near-field distribution is calculated 30 nm above the sample
surface.
In order to understand the resonant behavior and mode

structure of a single slot antenna, we perform far-field
transmission spectroscopy over a wide spectral range. Figure
2 shows the measured transmission spectrum of a L = 2.4 μm

slot on KBr (solid red line). It exhibits a pronounced
fundamental dipole resonance at 1370 cm−1, with a sequence
of higher order modes. For comparison, we show the numerical
simulation of an equal length slot (black dashed) with a 20°
angle of incidence with respect to the surface normal with
polarization perpendicular to the slot direction. We also show
the calculated spectrum of the complementary rod antenna
(blue dashed). The simulated spectra are convoluted with a
Lorentzian function of 30 cm−1 line width to account for
inhomogeneity in antenna structure and excitation focus. The
difference in line width may be due to losses from surface
roughness and different effective gold dielectric constant
between experiment and simulation.38

From the calculation, four modes can be assigned within the
spectral range, labeled n = 1−4. These modes correspond to the

Figure 1. Babinetʼs principle (a). The electromagnetic field of a slot
antenna and its complement linear rod antenna are related through
Babinetʼs principle. (b) Scanning electron microscopy (SEM) image
of a slot antenna, with an illustration of the incident laser field
polarized perpendicular to the slot direction. (c) Scattering-type
scanning near-field microscopy (s-SNOM), using tunable femtosecond
OPO/DFG excitation and interferometric near-field detection.

Figure 2. Resonant modes of a slot antenna. Experimental far-field
transmission spectrum (solid red) for L = 2.4 μm slot compared to
simulated spectrum (black dashed) and complementary rod antenna
(blue dashed) with corresponding mode assignment. The four peak
positions of the experimental spectrum are 1370, 2750, 4080, and 5790
cm−1. Inset: Illustration of spatial near-field Ez distribution for different
slot antenna modes or Bz for rod antenna, with odd (bright) and even
(dark) modes.
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first four lowest-order magnetic resonant eigenmodes of the
slot antenna. The inset shows the corresponding schematic
spatial near-field Ez distributions. The n = 2 and 4 modes are
dark modes and are normally forbidden for plane wave
excitation at normal incidence. However, the excitation of
these modes becomes allowed because of tilted incidence from
the Schwarzschild-type objective. The relative intensity of the
four resonance peaks depends on the details of the incident
field distribution. In agreement with theory, the peak of the n =
3 mode appears embedded in the shoulder of the n = 2
resonance. The small difference in peak position between
experiment and theory can most likely be attributed to small
differences in geometry and dielectric function between the
fabricated and simulated structures.
Figure 3 shows the evolution of the measured spectral

behavior for slots of varying length from L = 0.5 to 2.4 μm. The

peak transmission in each spectrum is normalized with respect
to the peak transmission of the L = 2.4 μm spectrum. For each
slot length, the dominant peak corresponds to the fundamental
dipolar resonance (n = 1) and shifts to lower frequency with
increasing slot length. Higher order resonant modes shift
correspondingly and decrease in amplitude with decreasing slot
length.
The relation of slot length to the resonant wavelength can be

derived from the transmission spectra. The antenna resonance
can be explained by a Fabry-Peŕot model when propagating
plasmon modes form standing waves,40−44 given by

δ
π

λ λ+ = ×L n
2

( /2)p p (1)

with antenna length L, plasmon wavelength of a propagating
plasmon mode λp, phase shift δ due to reflection of plasmon
wave at the antenna end, and resonance mode number n.
For an ideal slot antenna cut from a film suspended in free

space, dipole resonance occurs when the length is approx-
imately λ/2.45 With the slot patterned on a dielectric half-space,

together with the finite conductivity of the metal at optical
frequencies and the low aspect ratios compared to the ideal
narrow slot antenna, the resonant wavelength is red-shifted.
Figure 4 shows the dependence of resonant wavelengths

determined from the peak positions as a function of slot length

for the four modes. The length scaling can effectively be
described by

λ+ Δ = ×L L n /2eff (2)

for n = 1−4, with an apparent length increase of ΔL = δ/(2π)
× λp due to the phase shift at the antenna end.46 The apparent
length increase ΔL is approximately the width of the
antenna40−42,44,47 and is negligible because of the large aspect
ratio >10 for the slots in our experiment. For ΔL = 0, we obtain
an effective wavelength λeff = (0.64 ± 0.05)λ from the
simultaneous fit to all four modes, as shown in Figure 4.
Based on the resonant characteristics determined from far-

field spectroscopy, we measure the corresponding near-field
spatial distribution for selected antenna modes. Figure 5 shows
s-SNOM images (b,e) of the relative Ez electric field
component for two different slot lengths L = 2.2 and 1.6 μm
corresponding to the n = 1 and 3 modes for an excitation

Figure 3. Transmission spectra of individual slot antennas on KBr
substrate. For each length, the main peak corresponds to the
fundamental dipolar magnetic resonance of the slot antenna n = 1,
with higher order modes n = 2, 3, and 4 present depending on length.

Figure 4. Resonant wavelength scaling of slot antennas. Resonance
wavelengths from experiment (solid symbol) for n = 1 (blue circle), n
= 2 (red square), n = 3 (dark yellow diamond), and n = 4 (green
triangle) scale linearly with slot length, and can be described by L = n
× λeff/2 with a common value of λeff = (0.64 ± 0.05)λ for n = 1−4, in
agreement with simulation (open symbol).

Figure 5. Optical near-field Ez of slot antenna at different resonances.
Topography (a), s-SNOM (b), and simulation (c) of the fundamental
n = 1 resonance of L = 2.2 μm slot antenna on Si substrate.
Corresponding measurements (d, e) and simulation (f) of the L = 1.6
μm slot antenna on Si substrate. The optical near-field (e) shows a
superposition of n = 1 and 3 resonance modes measured at a frequency
slightly red detuned from the exact resonance of the n = 3 mode.
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wavelength of λ = 8.7 and 5.7 μm, respectively. The color scale
reflects the regions of Ez pointing in and out of the sample
plane, corresponding to an associated π phase change. Figure
5c,f shows the result of field simulations for the given
geometries and excitation wavelengths. This confirms that the
experimentally observed field pattern corresponds to the
fundamental n = 1 mode (b,c), and the n = 3 mode (e,f)
with a slight admixture of the fundamental mode responsible
for the stronger than expected center lobes.
For the fundamental n = 1 mode, as shown in Figure 5b,c,

the field distribution in three dimensions is circulating around
the center axis of the slot and decreasing in intensity in the
radial direction and toward the end of the slot. This type of
electric field distribution of the n = 1 mode thus corresponds to
the electric field of a virtual oscillating magnetic dipole oriented
along the slot. Correspondingly, the higher order modes can be
viewed as a superposition of multiple magnetic dipoles aligned
in series.
The effective wavelength λeff = (0.64 ± 0.05)λ obtained from

experimental spectra for the slot on a KBr substrate agrees with
the corresponding numerical simulation result of λeff = 0.63λ.
The value can be understood considering the substrate material
with permittivity ε and the geometry of the slot with width W
and length L from the relationship derived for the RF spectral
region:45

λ λ= ×
ε +

×
W L

0.97
1

(1 / )eff
eff (3)

where εeff = (1 + ε)/2 is the mean permittivity of substrate ε
and air. The factor 0.97 is twice the exact scaling value
associated with the fundamental dipole resonance L = 0.485λ.48

In this expression, the inhomogeneous environment of air and
substrate is approximated as an effective homogeneous
medium.49 For a slot antenna on a KBr substrate (ε = 2.36),
eq 3 then results in λeff = 0.67λ, consistent with our experiment
and numerical simulation. As another example, for the case of
an IR slot antenna on a Si substrate (ε = 11.7), the predicted
λeff = 0.35λ also agrees with the result of a full electromagnetic
simulation value of λeff = (0.33 ± 0.05)λ.
Equation 3, although derived for RF, is also applicable in the

IR, with the effective medium chosen as the mean permittivity
of air and substrate ε at the corresponding IR frequency. The
reason for its validity within the Drude regime can be
understood from the planar surface plasmon dispersion
relation,46 k2 = (ω2/c2)[εmεs/(εm + εs)], with dielectric function
of metal εm and its surrounding εs. The planar surface plasmon
dispersion relation is approximately linear and follows the light
line of k = ω/c√εs with a difference in k-vector < 1% for
wavelength ≳ 2 μm at a gold and KBr interface.50−52 The
propagation loss is also small in the IR with negligible effect on
the resonance peak position. Only when the wavelength scaling
becomes nonlinear, eq 3 begins to fail and Babinetʼs principle
starts to break down.
To verify Babinetʼs principle, we compare the slot antenna

length scaling with its complementary rod antenna. The
complementary Au rod antenna on KBr has been previously
measured with λeff = (0.68 ± 0.06)λ,49 which agrees well with
our measured result λeff = (0.64 ± 0.05)λ for the slot antenna.
For a similar rod antenna on a Si substrate the effective
wavelength was measured to be λeff = (0.32 ± 0.05)λ,53,54

consistent with that of slot antenna on Si with λeff = 0.35λ from
eq 3.

Beyond far-field spectra our near-field imaging on the slot
antenna resolved the n = 1 and 3 modes. Through simulation,
the electric near-field and its spatial distribution of the slot E2 is
found to correspond to the magnetic distribution B1 of the rod
and is related through the duality relation B1 = −E2/c. This
result quantitatively verifies that the magnetic field profile of a
rod antenna can be determined by measuring the electric field
distribution of a slot antenna. For example, for an incident field
strength E0 ∼ 106 V/m, we achieve a maximum electric field E2
∼ 2 × 107 V/m at the center of slot at the fundamental
resonance, corresponding to a maximum magnetic field B1 ∼
0.06 T for the complementary rod resonance.
In summary, the combination of far-field spectroscopy with

near-field imaging quantifies the validity of Babinetʼs principle
for Drude metals and wavelength ≳ 2 μm. Using Babinetʼs
principle, we demonstrate a general method of probing the
optical magnetic field from the study of the electric field of a
complementary structure. This method of measuring the
magnetic near-field and the resonance scaling provides an
improved way to characterize optical antennas and metamate-
rials and to understand the magnetic light-matter interaction at
the nanoscale.
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