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Magnetic and electric response of single subwavelength holes
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We use polarization-resolved near-field measurements, in conjunction with electromagnetic theory, to separate
and quantify the electric and magnetic optical response of subwavelength holes in thick gold films. Using 1550 nm
light, we determine the amplitudes of the electric and magnetic polarizabilities of holes with diameters ranging
from 600 to 1000 nm. Additionally, we study the scattered field distributions that arise from the interactions of
the holes with surface plasmon polaritons, and show that forward-backward scattering ratios as high as 2.5 : 1
are possible. Our study provides experimental access and theoretical understanding of the full electromagnetic
polarizability that describes the optical response of metallic holes at telecom wavelengths, which is a prototypical
structure in currently explored optical signal processing and sensing devices.
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Nanoscopic structures of small size compared to the
wavelength of light can display both an electric and a magnetic
response.! This is true even in the case where the constituent
materials of the structure all have a near unity magnetic
permeability. The geometry of the nanostructure confers a
magnetic response and is, in fact, the underlying principle of
many metamaterials.”3 This electromagnetic response, which
in metamaterials can lead to a negative refractive index and
hence cloaking or superresolution imaging, also plays a role in
a variety of plasmonic phenomena ranging from extraordinary
optical transmission*® to the confinement and control of light
at the nanoscale.”’

Surprisingly, outside of the field of metamaterials,'? the
magnetic response of nanoscopic structures has traditionally
been neglected. Happily, this trend is changing, and recently
researchers have developed various techniques to map the
optical magnetic field,''~'* and have quantified the emission of
light from magnetic dipoles.'* Further, there have been several
recent investigations into Mie scattering of dielectric spheres,
where the interference between the magnetic and electric re-
sponses results in directional emission.!>~17 Likewise, interest
in magnetoplasmonic nanostructures is rapidly growing, both
for those that have magnetic constituents'® and for those that
do not."?

An exemplary nanoplasmonic structure which has recently
received considerable attention is a dielectric-filled hole in
a metallic film,%2*->* due in part to its aforementioned
connection to both extraordinary optical transmission and
metamaterials. However, even for this relatively simple struc-
ture there have been only a few hints at the presence of
a magnetic optical response,”®-?* although its magnitude is
expected to be comparable to the electric response.® A direct
observation of both the electric and the magnetic responses
of such types of nanoscale objects is still missing, and in
particular an experimental quantification of their strengths.

Here we address this important aspect of the response
of metallic holes, using a series of phase- and polarization-
sensitive near-field optical measurements to determine the
amplitude of both the electric and magnetic polarizabilities of
subwavelength holes in a gold film. We show that we are able to
describe the nanoscopic light-matter interaction in terms of an
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in-plane magnetic dipole and an out-of-plane electric dipole.
By comparing our measurements with electromagnetic theory
we are able to disentangle the surface wave radiated by each
dipole. This allows us to show, for a plasmonic nanostructure,
that the asymmetry and high directionality of the scattered
field is due to the interference of the magnetic and electric
contributions.

To quantify the optical response of subwavelength holes we
use the sample shown in Fig. 1, which consists of a surface
plasmon polariton (SPP) launcher (slit and grating) and a single
subwavelength hole perforated in a 200-nm-thick gold film
supported on a glass substrate. The slit is illuminated from the
glass side using a 1550 nm continuous laser source, launching
SPPs that the grating directs efficiently towards the hole.?® In
our coordinate system, which is shown in this figure, the SPPs
propagate in the x direction, towards the hole. The transverse,
in-plane direction is y. We define the angle between any in-
plane vector and the x axis to be ¢.

The ensuing scattering event, which occurs when the SPP
wave interacts with the hole, is imaged by a home-built near-
field microscope.?® By placing the probe of the microscope at
a height of 20 nm above the film, we are capable of converting
the near fields into far-field radiation, which we then detect.
Furthermore, because we use a heterodyne detection scheme,
we measure both the amplitude and the phase of the outcoupled
light, which are proportional to the amplitude and phase of
the near field. Similarly, we can also resolve the in-plane
orientation of the near field. That is, we are able to separately
and simultaneously map the near fields that are oriented along
X and y.

Typical examples of the measured field maps for a 630 nm
hole are shown in Figs. 2(a) and 2(b), for x- and y-oriented
which is located near fields, respectively. In the presence of
the hole, near (—3,—4) um, we observe a marked increase
in the field amplitude. This seems to indicate the presence
of quasicylindrical waves,?>*?” which characteristically decay
rapidly with distance away from the hole. Because the fields
near the hole have both large amplitudes and gradients it is
unclear how they are detected by the probe, and henceforth
this region (within 500 nm of the hole) will be omitted from
the analysis. Rather, our analysis will be based upon fields
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FIG. 1. (Color online) Scanning electron micrograph of the sam-
ple. The SPP propagates from the slit along the positive x direction
towards the subwavelength hole, as shown by the coordinate axes.
The slit is 25 pum in length and is carved 30 um away from the hole.

evolving in flat metal regions, for which we can assume a
uniform interaction between tip and metal surface.

Although the field distributions seen in these images are
far from trivial, we can immediately identify several distinct
features that they share. First, in both images we see a beamlike
feature centered about y = 0, although in Fig. 2(a) it appears
as a single, bright strip, while in Fig. 2(b) it becomes a
double strip. Additionally, in both images we see parabolic
fringes whose periodicity suggests that they arise due to
interference.

In fact, the features that we observe in these images can
be understood in terms of the incident and scattered waves
associated with the hole-SPP interaction. Not surprisingly, the
beamlike feature observed in both images is the incident SPPs.
It is tempting to expect this feature only for the longitudinal
fields [Fig. 2(a)], due to the nature of the SPPs. However,
because we have an incident Gaussian SPP beam, and not a
plane wave, we also observe a smaller amplitude, beamlike
feature with transverse fields [Fig. 2(b)], which changes sign
at the beam center, thus producing the observed double strip
structure. The fringes that we observe can then be understood
to arise from the interference of the incident SPP wave and the
wave scattered by the hole.
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FIG. 2. (Color online) Polarization-resolved near-field maps of a
SPP beam scattering from a 630 nm hole. Experimental measurements
[(a), (b)] and theoretical calculations [(c), (d)] are shown for both x
and y electric field orientations, as denoted at the bottom right of
each image. The factors at the top right corners denote the amplitude
relative to the color scale. Parabolic fringes due to the interference
between the incident SPP and the scattered wave are clearly visible
in all figures.
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Intuitively, the scattering of SPPs from subwavelength
holes, as shown in Fig. 2, can be understood as a three-step
process:>* (1) An incident SPP beam propagates towards a
hole. (2) At the location of the hole, the interaction of the
SPP fields with the free electrons in the metal boundary of
the hole induces dipoles. (3) These dipoles then radiate, and
it is mainly the interference of the incident beam with those
components that are scattered to surface plasmons that we
actually detect. The second step is of particular interest, since
it encapsulates the interaction of the electromagnetic field
with the nanoscopic structure, our hole. However, as we show
below, to quantify this interaction we must first accurately
model both the incident (E™,H™) and scattered (E*,H®) fields
that correspond to steps (1) and (3).

The three components of the incident Gaussian SPP beam
above the film can be written as a Fourier sum of plane waves
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where the limits of summation, which reflect the explicit
separation of the in-plane wave vector into its components,
are k, € [—ko,ko] and /cszp =K+ IC)Z,. In these equations, kg =
2 /A is the wave vector of the incident light of wavelength
A, and kg, = koa/(€ + 1)/€ and wgp = —ko/~/€ + 1 are the
in-plane and out-of-plane SPP wave vectors, respectively,
where the complex dielectric function of gold at 1550 nm is
€ = —115 4 11;.28 Finally, C and « determine the amplitude
and width of the incident SPP beam. The corresponding
magnetic field H™ is calculated from Eq. (1) using Ampere’s
law.

Likewise, we can write an analytic expression for the SPPs
radiated by the hole dipoles. As shown in earlier work,?® for
plasmonic scattering this radiation is dominated by an out-of-
plane electric dipole p, and an in-plane magnetic dipole m,,
and hence it can be written as

ES = —27ip% e [k H " (kpr) cOs g m,
. A KA A
+ lkol(sszél)(Kspr)pz] (r - Z), 2)
Wep
where
€

Pl = s

(I+e)>(1—e)
In this equation, H{" are Hankel functions, r =

V(x = x0)> 4+ (y — y0)? is the displacement from the hole
position at (xg,yp), and £ = (cos ¢X, sin ¢¥§). A more general
expression for the way dipoles radiate SPPs, which includes
all of the different electric and magnetic dipole orientations,
can be found in Ref. 23.

The total field of the scattering event, which includes
contributions from both the incident and scattered SPPs, can
then be written as E + E®. Using Eqgs. (1) and (2), with
C, a, (x9,y0), and the dipole strengths p, and m, as fitting
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FIG. 3. (Color online) Calculated scattered SPP field for a
630 nm hole, with parameters as extracted from a fit to the
measurement shown in Fig. 2. Both the (a) x- and (b) y-oriented
electric field components are plotted. (c),(d) Corresponding angular
profiles of the field amplitudes (solid curves), as well as separate
electric and magnetic contributions (dashed curves), which are
labeled p and m, respectively.

parameters to the experimental data for the 630-nm-diameter
hole, produces the results shown in Figs. 2(c) and 2(d).
This theoretical modeling is in good agreement with the
measurements [Figs. 2(a) and 2(b)]. The uncertainty in the
exact position of the hole, as it turns out, provides the main
source of error for the fits. This uncertainty arises because
the position of the interference fringes in our calculations
is determined both by the position of the hole and the
relative phases of the electric and magnetic dipoles. As we
have no independent determination of the hole position, this
uncertainty, unfortunately, precludes the determination of the
relative phase of the dipoles to the field which excites them.
Nevertheless, the analysis can still be used to quantify the
amplitude of both the electric and magnetic polarizabilities of
the hole, as we show below.

We first examine the field patterns of the scattered SPP
wave. Figures 3(a) and 3(b) show the two calculated in-plane
electric field components of the scattered field, corresponding
to the configuration considered in Fig. 2. These radiation pat-
terns show that even a process as elementary as a single circular
hole scattering SPPs can result in a nontrivial distribution
of surface electromagnetic fields. We see the asymmetry of
the scattered field profile from the angular distributions of
these radiation patterns, which we present in Figs. 3(c) and
3(d). Here we also show the contributions of the electric and
magnetic dipoles to the overall scattered field. As expected,
each individual contribution is symmetric, along both the x
and y axes. However, symmetry with respect to the y axis
is broken for the total scattered field, resulting in a greater
amount of light being scattered in the forward (with respect to
the direction of propagation of the incident SPPs) direction.
That is, in the forward direction the fields radiated by p, and
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FIG. 4. (Color online) Electric (a) and magnetic (b) polarizabil-
ities of individual holes as a function of diameter. The top panel of
each part shows the calculated polarizabilities, while the bottom panel
presents both the measured (points) and calculated (curves) values.

m, are more in phase, while they are more out of phase in
the backward direction. The net result is that 60% of the field
amplitude is radiated in the forward direction. Note that the
directionality is solely determined by the relative phases of
the electric and magnetic dipoles that, in turn, are determined
by the phases of the incident fields and the polarizabilities
of the hole. That is, this high directionality demonstrates the
potential that nanoscopic structures have for controlling the
flow of light, since their polarizabilities are often determined
by their geometry. We emphasize that the directionality of the
scattered field is due to Kerker scattering, which relies on the
interference between the magnetic and electric contributions,?
as recently demonstrated by controlled illumination of a slit.”
This is in stark contrast to another recent demonstration
of directional SPP excitation of a slit where only electric
contributions were considered.® In this latter case, for the slit,
the ratio of the intensity scattered in the forward direction to
that scattered backwards is about 1.4 : 1, whereas we measure
aratio of about 2.5 : 1 for the hole.
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As we noted above, we can use our analysis to quantify
both the electric and magnetic response of the holes. In our
approach, where we take dipoles to be the source of the
scattered field, the optical response of the hole is approximated
by the electric and magnetic polarizabilities, «r and «)s. These
relate the induced dipoles to the incident fields as
m, =a,H" 3)

y,0°

P: = O5EEin

z,0?

and hence, these parameters describe how strongly the hole
reacts to the incident light. Because our model allows us
to determine both the incident SPP fields [Eq. (1)] and the
dipole strengths [Eq. (2)], we can use Eq. (3) to determine the
polarizabilities of the hole.

In Fig. 4 we show a comparison of the experimentally de-
termined oz and oy, with theoretical values®® as a function of
the hole diameter, where both quantities have been normalized
to the cube of the hole radius, a. We observe good qualitative
agreement for both oz and oy, and very good quantitative
agreement for the latter. As we note above, the uncertainty in
the fitting of the exact hole position both limits our ability to
determine the exact phase of the polarizabilities and introduces
the main source of error in our analysis. Consequently, the
error bars in Fig. 4 are found with a statistical analysis of the
polarizabilities found when the hole position is allowed to vary
within a 300-nm-diameter circle around (xg,yo).?! Also note
that p, radiates isotropically on the gold surface, whereas m,,
predominately radiates in the forward and backward directions
[Figs. 3(c) and 3(d)]. Consequently, the magnetic contribution
to the scattered field strongly overlaps with the incident SPP
fields. Hence, for smaller hole sizes (<700 nm), where the
amplitude of the scattered field is smaller, or on the order of,
the noise in our measurements, we can often only determine
op and not oy, . In this case, it is reasonable to expect that
o might be overestimated, which indeed agrees with our
observations for the smaller holes. The polarizabilities that we
do find are on the same order as those for off-resonance split
rings.*
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In summary, this work provides the key ingredient nec-
essary to understand, and completely model, the light-matter
interactions of holes: a quantification of the electromagnetic
response of the hole. This quantification has long been
missing in earlier theoretical studies of the microscopic optical
properties of holes’*® and newer experimental works on surface
plasmon resonances,2’ scattering losses,?? the different fields
present,”” or the near->’ and far-field>* radiation patterns
associated with subwavelength holes.

Here, we have used a combination of phase- and
polarization-sensitive near-field microscopy and electromag-
netic theory to unravel the electric and magnetic polarizabili-
ties of single subwavelength holes in optically thick gold films.
This has allowed us to quantify the complete electromagnetic
response of holes to surface waves, and in particular to
demonstrate that the magnetic contribution should not be
neglected, even for nanoscale geometries where the magnetic
permeability of each constituent is always near unity. In fact,
we show that for holes the magnetic response is often stronger
than the electric, and that the interplay between the two can
result in scattered field patterns that are highly directional. In
our case, we showed that 2.5 times as much energy is scattered
in the forward direction by the hole. However, with a careful
choice of excitation field and hole parameters, one should be
able to direct the scattering in any desired direction.”3* As
such, this understanding provides a crucial step towards the
intelligent design of nanoscopic systems for the control and
manipulation of the flow of light.
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