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Complete control of an electromagnetic wave requires access to
its electric and magnetic vector components. Realizing this
level of control with metamaterials has recently opened new
avenues regarding negative refractive indices"? and invisibility
cloaking®!. The required microscopic building blocks are
artificial electric and magnetic dipoles. Magnetic dipoles
oscillating at optical frequencies have become available only
recently in the form of man-made split-ring resonators’,
essentially subwavelength resonant electromagnets. Previous
experimental work has focused on arrays of electric and/or
magnetic dipoles">%’. For further developments in this field,
knowledge of the properties of the individual dipoles is highly
desirable. In this paper, using a modulation technique®®, we
measure the absolute extinction cross-section of a single split-
ring resonator for the first time. At the fundamental magnetic
resonance, it is found to be about one-seventh of A? at a
wavelength of A = 1.4 um, which is in excellent agreement
with microscopic calculations.

Metamaterials are man-made structures that are composed of
densely packed subwavelength (metallic) building blocks'™.
Although the properties of the individual building blocks
(photonic atoms) will mainly determine the optical properties of
the metamaterials, interaction effects also play a role!®!2. Thus, it
is relevant to investigate the optical properties of the individual
photonic atoms, that is, to measure their absolute extinction
cross-section spectrum, a measurement not achievable using
either dark-field spectroscopy'® or attenuated total internal
reflection spectroscopy. This task has been accomplished only
quite recently for electric dipole Mie resonances®®. The absolute
extinction cross-section spectrum for artificial magnetic dipoles,
specifically split-ring resonators (SRRs), will be measured and
theoretically analysed in this paper.

In geometrical optics, introducing an object with a cross-
section C,,, (C,, < A) into a beam of light with area A simply
reduces the energy flow into the forward direction in the far-field
by the fraction C,/A<1. In wave optics and for a
subwavelength scatterer in the focus of a Gaussian beam (Fig. 1),
a detailed analysis based on the optical theorem!* shows that the
energy flow into the forward direction is reduced by the same
fraction C,, /A if A is replaced by the effective beam area of the
Gaussian focus. Typically, A is significantly larger than A2, but
even the resonant extinction cross-section is usually only a

614

fraction of A% Thus, a small focus, an intense broadband light
source and a sensitive modulation technique enabling lock-in
detection of the small relative signal C, (A)/A are required.
Quantitative experimental knowledge of A and the spatial
modulation amplitude then allow us to infer the absolute
extinction cross-section and its spectral dependence C,(A)
directly from experiment (see Methods).

Examples of the resulting sets of raw data are shown in Fig. 2a.
As expected from previous works®®, depending on whether the
modulation period starts or ends at the scatterer, a maximum or
a minimum is obtained in the differential transmittance
signal. For these data, the modulation amplitude has been fixed
at a=3 pm. The extinction cross-section C,, is given by
C.(A) = A x RDS,,./& RDS, ., is the maximum of the relative
differential signal in the xy-plane (see Fig. 2a). The calibration
factor £ is given by
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where ], is the Bessel function of the first kind. The dependence
&(a/r,) is illustrated in Fig. lc.

For the horizontal incident linear polarization shown in Fig. 2b,
the measured extinction cross-section of an individual SRR reveals a
pronounced spectral maximum at a wavelength of ~1.4 wm. Arrays
of very similar SRRs have previously been investigated and this
resonance has been ascribed to a magnetic dipole mode’. The
spectral position is also in good agreement with complete numerical
solutions of the vector Maxwell equations (see below). To further
support this interpretation, we also depict the extinction cross-
section spectrum for the orthogonal incident linear polarization of
light in Fig. 2b. The resonance at ~1.4 wm disappears, as expected
from the results obtained for arrays’. In essence, the incident electric
field can no longer couple to the capacitor that is formed by the two
vertical arms of the SRR. Together with the inductor provided by
the incomplete single winding of a coil, this capacitor forms a
resonant LC circuit—a tiny electromagnet with a magnetic dipole
moment perpendicular to its plane. This resonance is the
fundamental plasmonic mode'® of the split ring.

Figure 2c summarizes results for a sample different from but
very similar to that in Fig. 2b. The cross-section spectra in
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Figure 1 Determining the absolute extinction cross-section. a, Schematic

of the modulation technique. The SRR is periodically modulated along the
y-direction, in and out of the Gaussian focus, which is illustrated by different
iso-intensity contours (red lobes). b, Sample layout and electron micrograph of a
typical individual SRR. ¢, Calibration factor & versus the ratio of the modulation
amplitude a and the Gaussian beam radius r,. The extinction cross-section Cy
is given by the product of the effective Gaussian beam area A and the maximum
of the relative differential signal RDS (also see Fig. 2a) obtained from a lock-in
amplifier, divided by the calibration factor &.

Fig. 2b,c agree well with respect to their shape as well as their peak
value. The maximum value of C, , of 0.3 pum? can be translated into
0.15A% at the resonance wavelength A = 1.4 um. Alternatively, this
result can be expressed as C_, = 8Agzr with the geometric area
Agpr = 0.038 pm?, which can be deduced directly from the
electron micrographs (Fig. 1b).

The extinction cross-section is the sum of the absorption cross-
section and the scattering cross-section, that is, C,., = C,,,c + Cycarr-
To analyse theoretically the relative strengths of the two
contributions, C,,, and C,_,, under the present conditions, we
performed numerical calculations using the SRR geometrical
parameters from the experiment and free-electron Drude model
parameters from the literature for gold (see Methods). We
included a glass substrate with a refractive index n=1.5 as a
dielectric half-space. The curves in Fig. 3a show the
corresponding results. The calculated absolute extinction cross-
section (solid curve) agrees well with the measured one (filled
circles in Fig. 3a), especially considering that no fitting has been
attempted. About one-third of the peak extinction cross-section
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Figure 2 Measured absolute extinction cross-section spectra. a, Two typical
sets of raw data of the measured RDS, one at resonance, the other in the tail of
the resonance (compare red data and curves). b, Measured absolute extinction
cross-section spectrum C,(A) of an individual SRR. Two different polarization
configurations are illustrated by the inset. ¢, As b for a different but similar SRR.
The red solid curves are fits using a simple LRC circuit model.

arises as a result of absorption (dashed curve) and two-thirds
from scattering (dotted curve).

It is interesting to ask whether the extinction cross-section is a
property of the SRR alone or whether it is influenced by its
dielectric surrounding. Figure 3b shows the extinction cross-
section for the same SRR as in Fig. 3a, but within different
homogeneous dielectric environments. It is obvious that all the
curves in Fig. 3b differ from those in Fig. 3a, which means that
the actual photon density of states of the half-space geometry
significantly influences the coupling of the SRR to the light field.
The resulting effects are as large as 30% in the peak extinction
cross-section. In general, this result implies that comparing
measured cross-sections of metallic nanoparticles on glass
substrates (a very common geometry in experiments) with those
of the calculated ones of such particles in a fictitious effective
homogeneous medium is somewhat questionable.

Although these microscopic calculations agree well with the
experimental results and have also given important additional
insights, they do not really provide us with a simple intuitive
understanding. Hence, we would like to connect the extinction
cross-section of an individual SRR to the frequently used electric
circuit model>*'®. Tn addition to the already mentioned capacitance
C and inductance L of the SRR, an effective serial resistance R is
also considered. This resistance comprises an ohmic contribution
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Figure 3 Calculated absolute cross-section spectra. a, The SRR is located on
a glass substrate, and the incident linear polarization is horizontal. Shown are
the extinction cross-section C,,; (solid curve), the absorption cross-section
(dashed curve) and the scattering cross-section (dotted curve) spectra.

b, C,,; for the identical SRR, but embedded in a (fictitious) homogeneous
medium with refractive index n as indicated. The filled circles in a and b are
the experimental data from Fig. 2b, reproduced here for comparison.

because of loss in the metal, Ry, as well as a contribution from the
electromagnetic radiation, the radiation resistance R . Kirchhoft’s
voltage law immediately allows the calculation of the current I
induced by the voltage drop Ed through the horizontally polarized
incident electric field E in the capacitor gap of width d. The power
fraction Py/P, with the incident power P, and Py = (I°R) cc (E*/R)
(where (-) is the cycle average) immediately gives the cross-section
C, using the relation Py/P,= C,,/A <1. For the resonance
wavelength A and in the limit C,,(A,) < A, it is simple to
derive the expression C,,(A.,) = (Z,/R)d* where d* is about one-
ninth of the geometric area of the SRR. Hence, the effective
resistance R, which is much smaller than the vacuum impedance of
Zo = J(o/80)2376.7 Q, leads to cross-sections that exceed the
geometrical area. From the fit to the experimental data shown in
Fig. 2b and with d = 65 nm from the electron micrograph shown
in Fig. 1b, we obtain an effective SRR resistance of R = 5.5 () This
value is reasonably close to the recent theoretical estimates of the
SRR radiation resistance’” in a homogeneous dielectric
environment. We can estimate R4 = 10 ) and Ry, = 4 Q) using
the formulae given by Meyrath et al'” and Busch et al'8,
respectively. The relative magnitude of these values is qualitatively
consistent with our above microscopic discussion on absorption
and scattering. The dependence of C,, on frequency is clearly
Lorentzian. Fitting this Lorentzian to the experimental data (see red
solid curve in Fig. 2b) provides us with an effective SRR capacitance
of C =19 aF and an effective SRR inductance of L = 30 fH.

In conclusion, we have measured the absolute extinction cross-
section of individual magnetic SRRs to be about one-seventh of
the square of the resonance wavelength at A = 1.4 pm using a
modulation technique. Theoretical analysis shows that the
absorption cross-section and the scattering cross-section contribute,
respectively, one-third and two-thirds of that value. Theoretical
analysis of the experiments further reveals that the relative influence
of the substrate (half-space geometry) on the extinction cross-section
of the metal nanoparticle at the interface can be as large as 30%.
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METHODS

EXPERIMENTAL

To obtain the effective Gaussian beam area A = 7/2r with the 1/¢-intensity
and Gaussian beam radius r,, we have prepared specially tailored samples. In one
run of standard electron-beam lithography and electron-beam evaporation, we
fabricated, on a glass substrate (coated with a 5-nm thin conductive layer of
indium tin oxide), two orthogonal gold knife edges and the gold SRR of interest
(see Fig. 1a,b). The thickness of the gold film was 25 nm. By scanning the knife
edges in the focal plane over the Gaussian focus by means of calibrated stepping
motors and recording the error function, we directly determined r, and hence A.
Importantly, recording data over a broad spectral range requires that the spectral
behaviour A(A) is measured. In our experiments, r, linearly increased with
wavelength A from ry(A = 1.0 pum) = 1.2 um to ry(A = 1.6 pm) = 2.1 pum, as
expected for a diffraction-limited light spot. The light source in our experiments
was a white-light laser (Fianium SC450, 2-W average power, 20-MHz repetition
frequency), which was spectrally filtered by means of a grating monochromator
(set to 1-nm resolution) and spatially filtered by means of a coupling into a
single-mode optical fibre. The output of this fibre (below 100-nW average
power) was imaged onto the sample using a x 20 microscope lens (numerical
aperture = 0.4). An identical lens on the other side of the sample collected the
light, which was sent on to a room-temperature germanium detector connected
to a lock-in amplifier. Next, the SRR was moved to the region of the Gaussian
focus and sinusoidally modulated by a piezoelectric transducer in one direction
(here y-direction) at a frequency of ~120 Hz. For each wavelength, the RDS was
recorded in the form of a complete image by scanning the sample in the xy-plane
by means of a three-dimensional piezoelectric transducer stage (Fig. 2a). For all
of the results actually depicted in this paper, the light impinged onto the SRR
from the air side. We have also collected data for light impinging from the glass
substrate side. Within experimental uncertainty, the measured extinction cross-
section spectra are identical (although the spot sizes are different).

THEORETICAL

The numerical results depicted in this paper have been obtained by finite-
difference time-domain calculations in three dimensions, using a home-made
computer code. To avoid problems with staircasing, the SRR was modelled as a
grid-aligned rectangular U (see inset in Fig. 3a), the geometrical parameters of
which were directly taken from the electron micrograph in Fig. 1b. The thickness
of the gold film was 25 nm. We described the dispersion of the gold dielectric
function by the free-electron Drude model with parameters from the literature'?,
that is, plasma frequency wy = 1.38 x 10'°s™" and collision frequency

o = 1.08 x 101 571, The system was discretized into uniform cells of size
Ax = Ay = 2.5 nm and Az = 1.25 nm. To absorb the outgoing radiation, the
computational domain was surrounded by a region of 10 cells of perfectly
matched layers. The total system consisted of 192 x 192 x 264 = 107 cells.

For the calculation of the cross-sections, we injected a short pulse with a
temporal Gaussian envelope and, hence, a broad frequency spectrum, through
total-field /scattered-field boundaries®. During the simulation, an “on-the-fly”
Fourier transform was performed to record the flux through two closed contours
around the SRR. One of the contours lay inside the total-field region, and the
other in the scattered-field region. Integration of the flux over the contours
finally yielded the absorption and scattering cross-sections, respectively.
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