Mirror-Image-Induced Magnetic Modes
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ABSTRACT Reflection in a mirror changes the handedness of the real world, and right-handed
objects turn left-handed and vice versa (M. Gardner, The Ambidextrous Universe, Penguin Books, 1964).
Also, we learn from electromagnetism textbooks that a flat metallic mirror transforms an electric charge
into a virtual opposite charge. Consequently, the mirror image of a magnet is another parallel virtual
magnet as the mirror image changes both the charge sign and the curl handedness. Here we report the
dramatic modification in the optical response of a silicon nanocavity induced by the interaction with its
image through a flat metallic mirror. The system of real and virtual dipoles can be interpreted as an

effective magnetic dipole responsible for a strong enhancement of the cavity scattering cross section.
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t is well-known that the magnetic com-
ponent of electromagnetic waves only
plays a minor role in light—matter inter-
action."? However, the magnetic field plays
a pivotal role in the optical response of
metamaterials, with unique properties such
as cloaking®* and negative refraction.>® A
key ingredient of metamaterials is the ex-
istence of strong electric and/or magnetic
resonances in the subwavelength scale.
Metamaterials are customarily metallic be-
cause metals provide the restrictive condi-
tions metamaterials need.” However, the
property that makes metals good candi-
dates for metamaterials (negative ¢ and
eventually u) is also responsible, because
of the Kramers—Kronig relations, for large
scattering and absorption losses, this being
a restrictive bottleneck that limits their
applicability.® Recently, several groups have
proposed high refractive index nanostruc-
tures as alternative building blocks for meta-
materials.”>~"" In particular, silicon colloids
(SCs) feature well-defined low-order Mie re-
sonances in the near-infrared (NIR)'®'2~13
and in the visible region'®'” along with
negative values of the electric and magnetic
susceptibilities at optical frequencies.'®'®
An essential step toward the assembly of
a large number of SCs into metamaterials is
to understand the optical interaction be-
tween two twin nanocavities. Unfortunately,
the main drawback of the different methods
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for the fabrication of pure SCs reported so
far'2172021 s the polydispersion of the dilu-
tions, being challenging to find two colloids
with exactly the same size. In analogy with
the theory of image dipole in electrostatics,
placing a nanocavity near a good conductor
mirror?? is a powerful alternative to achieve
two interacting nanocavities with different
polarizability.?2~%*

Here we experimentally demonstrate for
the first time the mirror image interaction
for dielectic nanocavities placed near a flat
metallic mirror. The interaction between the
nanocavity and its image results in a large
amplification of the optical response of the
particle at certain wavelength values. The
mirror image effect transforms oscillating
electrical dipoles into magnetic polarization
currents, resulting in a large enhancement
of the scattering cross section.

RESULTS AND DISCUSSION

The mirror image theory is a suitable
method for solving the electric and mag-
netic field distributions of either a charge or
a magnet near the flat surface of a perfect
electric conductor (PEC).! For a charge near
a PEC, the field distribution is obtained by
replacing the PEC by a fictitious charge at
the mirror image of the real charge but with
opposite sign (Figure 1a). In the case of a
magnet, the reflected mirror image has a
magnetization vector parallel to the real one
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Figure 1. Schematic of the mirror image method for an
electric charge (a) and a magnetic dipole (b).
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Figure 2. Transmission spectrum of a polycrystalline silicon
sphere (d = 505 nm) on a glass substrate, experimental
(black line) and simulated (red line). The labels indicate the
order of the modes. Inset: SEM image of the silicon sphere.
The scale bar is 200 nm.

(Figure 1b). The resonant modes of nanocavities can be
envisaged as electric and magnetic oscillating multi-
poles strongly interacting with their mirror image
counterparts. In this paper, we show that the method
of the charge image can be extended to understand
the modes of dielectric nanocavities placed near a flat
metallic surface.

The smooth and regular spherical shape of SCs
makes them very good nanocavities with high Q-factor
optical resonances. Additionally, the high refractive
index of Si allows well-defined low-order modes with
spectral positions scaling with the colloid size.?® In this
study, we have used polycrystalline SCs'? with diam-
eters (d) between 500 and 750 nm, whose funda-
mental mode sits in the NIR range. Figure 2 shows a
typical experimental transmission spectrum of one of
these SCs lying on glass. A direct comparison with a
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Figure 3. (a) Reflection spectrum of the 505 nm diameter
sphere on a gold substrate measured with a FTIR (black line)
and calculated with FDTD (blue line). The modes b'44, d'44,
and b',; are indicated. Inset: Optical microscope image with
1000x magnification of a silicon sphere placed on the
gold substrate (top) and on the glass substrate (bottom).
The scale bar is 1 um. (b) Experimental reflection spec-
trum for different diameter silicon spheres placed on a gold
substrate.

calculation based on the Mie theory?®?” enables us to

fully identify the different modes and precisely esti-
mate the cavity diameter (d = 505 nm).

In order to study the influence of the mirror effect,
the same SC nanocavity is transferred to a gold-coated
substrate (30 um thick) using micromanipulation
techniques,?® and the reflection spectrum is obtained
(see Figure 3a). A first indication of the dramatic
influence of the gold substrate comes from the change
in the optical images of the cavity when transferred
from one substrate to the other (inset of Figure 3). The
apparent size of the particle on the gold substrate is
much larger and with much higher contrast (top
image) than on the glass plate (bottom image). Actu-
ally, our FTIR system failed to measure the spectrum of
the cavity on glass because of the too weak signal.

When comparing the reflection spectrum of the
colloid on gold (Figure 3a) with the spectrum of the
SC on glass®>*° (Figure 2), big differences are observed.
The most important one concerns the appearance of a
new and pronounced dip at around 1.53 um (d’;4),
much larger than other neighboring resonances at
around 1.25 um (b'5;) and 1.9 um (b'y,). The optical
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Figure 4. (a) Scattering cross section calculated for the
505 nm diameter silicon sphere on a gold surface (solid
black), on a PEC (dashed green), and for two spheres—
image theory—with d = 505 nm (solid red) and experimental
cross section (dotted blue). The scattering cross section for
the same colloid on glass is also plotted for comparison (solid
gray). Schematic of the configuration for the cases: (b) sphere
on gold substrate/PEC and (c) image theory.

interaction of the nanocavity with its mirror image is a
priori similar to that of two twin nanocavities in close
contact. In the latter case, strong coupling between
optical modes leads to splitting of each mode into a
symmetric and antisymmetric hybridized mode3'>2
However, in the mirror image case, due to the phase
shift introduced by the metallic interface, such mode
splitting is absent. Therefore, the mirror image inter-
action is antisymmetric for electric modes???*333* and
symmetric for the magnetic ones. Indeed, the interac-
tion with the mirror image does not change the
number of resonances. Instead, the a,; and b;; modes
get red-shifted, from 1.41 to 1.53 um and from 1.82 to
1.9 um, respectively. A more striking effect though is
the enhancement of the d’;; peak that becomes two
times larger than the fundamental b'4;. All of these
experimental observations are very well restituted by
the modeled reflectivity obtained from the FDTD-
calculated scattering cross section o and the radius of
the pinhole (r, = 10 um) used to limit the area contain-
ing the single colloid, by using 1 — o/mpz. The small
offset of the calculated data is attributed to the in-
certitude on the pinhole diameter.

To get further insight into the mirror image photonic
interaction, we have measured the reflection spectrum
of different size silicon nanocavities placed on a gold
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Figure 5. Ex field distribution (a) and Hy field distribution
(b) in the x—z plane of the a’;; mode for the silicon colloid
on a PEC model (top panels) and for the mirrorimage model
(bottom panels). (c) Schematic figure of the magnetic dipole
induced by the dipole and the mirror image dipole. (d)
Scattering pattern of 'y, in the xy plane.

substrate. Figure 3b shows the evolution of the reflec-
tivity spectrum with the size parameter x (x = 7d/4),
where an offset between the spectra has been added
for the sake of clarity. In all cases, the spectrum is
dominated by the @'y, mode that always appears for a
size parameter of about 1.04, with a scattering cross
section value much larger than any other optical
features. As expected, the spectrum is scaled with the
sphere size, and the small variations in the position of
the modes are due to the dispersion of the refractive
index of silicon in the wavelength range analyzed.

At this stage, it is very instructive to compare the
scattering cross section obtained for the nanocavity on
gold with the one calculated for two other configura-
tions: two touching SCs shined by two s-shift counter
propagating laser beams depicted in Figure 4c (mirror
image theory), and a SC on a perfect electric conductor
(PEC)* (Figure 4b). In fact, the reflectivity properties of
the gold surface are very similar to those of PEC
(Supporting Information, Figure S1). In Figure 4a, we
can see that all three configurations (black, red, and
green-dashed lines for the SC on gold, the image
theory, and the PEC configurations, respectively) show
similar results and mimic very well the experimental
data (dotted-blue line).

From a naive perspective, one should expect that
the presence of the mirror doubles the number of
particles, so the scattering cross section would increase
by a factor of 2, as observed for the magnetic modes b.
However, the peak d’;; reaches scattering cross sec-
tion values much beyond what this simple model shows.
In order to understand the optical process behind such
aresult, we have calculated the field distribution of the
d';; peak. The Eand H fields plotted in Figure 5a,b show
that the metallic surface changes the nature of the
modes. For example, the electric dipole mode (a;)
scatters much less light than the magnetic dipole
mode (b;1). However, the existence of the mirror
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induces an antisymmetric dipole image, resulting in an
effective magnetic dipole mode,***33* with a high
scattering cross section that dominates over any other
mode of the nanocavity—mirror system. The origin of
the induced magnetic dipole is similar to that appear-
ing in metallic cut wire pairs.***> However, in the
present case, magnetic modes appear in the transpar-
ency region of silicon and thus benefit from much less
absorption than those appearing for metallic nano-
structures. In Figure 5a, the Ex field distribution of the
a'11 mode for a single SC on the PEC model (top panel)
and for the mirror image model (bottom panel) is
shown. From the mirror image model, the antisymme-
try between the electric dipole and mirror image
electric dipole is clearly shown. The field distribution
similarities for a’;; between the PEC case and the gold
surface case are also shown in Figure S2 (Supporting
Information). In contrast to the mirror image theory in
electrostatics, two antisymmetric oscillating dipoles
appear, inducing an effective magnetic dipole along

MATERIALS AND METHODS

Silicon Colloids. In this work, we have used polycrystalline SCs
with diameters between 500 and 750 nm. They were obtained
by chemical vapor deposition techniques using disilane (Si;He)
as a precursor gas.'>>® At high temperatures, disilane decom-
poses into solid silicon and hydrogen gas by the following
chemical reaction: Si;He(g) <> 2Si(s) + 3H,(g). We used a quartz
tube (3 cm?in areaand 15 cm long) as a reactor and introduced
disilane gas at a pressure of 30 kPa. Part of the quartz tube was
heated by a tubular oven at 400 °C for 30 min. This process
produced amorphous silicon. An annealing treatment at 800 °C
for 1 h in vacuum was used to convert amorphous to poly-
crystalline silicon.

Optical Characterizations. The transmission spectra were mea-
sured using a confocal homemade system. The SCs placed on
glass substrate were illuminated with white nonpolarized light
focused on the sample with a 20x long working distance
Mitutoyo microscope objective. The transmitted light was
collected with another twin microscope objective and sent to
a beam expander coupled to an iHR320 Horiba Jobin Yvon
spectrometer with an indium gallium arsenide (IGA) nitrogen
refrigerated detector. The transmitted signal through the glass
substrate (without the SC nanocavity) was taken as the refer-
ence signal. A pinhole was used to select the area of interest.
The wavelength range measured with this confocal system goes
from 0.9 to 1.3 um.

The reflection spectra were measured using the homemade
confocal system described for the transmission spectrum mea-
sures but using the same microscope objective for focusing and
collecting the light reflected and a beam splitter. Due to the
limited wavelength range of the IGA detector, the reflection
spectra of the colloids placed on the gold mirror were also
measured with a Bruker IF 66/S Fourier transform infrared (FTIR)
spectrometer with a coupled microscope and a 15 x Cassegrain
objective (NA 0.4) for the wavelength range from 1.1 to 3 um.
The reflected signal from the gold surface (without the SC
nanocavity) was taken as the reference signal. A pinhole of
20 um diameter was used to select an area containing a single
microsphere. The experimental cross section in Figure 4 has
been obtained by the relation o = (1 — R)ar,,”.

Determination of the Colloidal Size. The diameter of the SC was
precisely determined by calculating its transmittance spectrum
with the Mie theory.?®?” The silicon refractive index used for
the calculation is a well-known wavelength-dependent value >
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the y direction (see Figure 5c), as shown by the
scattering pattern of resonance d';; in Figure 5d. The
strong Hy field enhancement at the interface between
the PEC and the SC is displayed in the scattering
pattern of the mode (Figure 5d). The strongest scatter-
ing direction is parallel to the direction of the electric
dipole but perpendicular to the induced magnetic
dipole direction. Based on the principle of dipole
radiation, this is a strong evidence of the magnetic
dipole nature of d’;; mode.

CONCLUSIONS

To summarize, we have presented experimental evi-
dence of the photonic interaction between a dielectric
nanocavity and its image behind a mirror. We have shown
that the scattering cross section of a silicon nanocavity is
enhanced when located near a metallic mirror. Our
analysis shows that the presence of the mirror turns the
aq, electric mode into a magnetic-like mode, resulting in a
huge enhancement of the scattering cross section.

The calculated transmittance spectrum was fitted to the mea-
sured spectrum with only one fitting parameter, the colloidal
size. With this method, a high precision of the SC diameter (with
an error around 0.5%) was obtained.

Optical Simulations. The scattering cross section and the
electric and magnetic field distributions for all of the structures
were calculated with the commercial 3D Maxwell solver FDTD
Solutions that employs the finite-difference time-domain
(FDTD) method. The dielectric constants of gold and silicon
have been taken from ref 37.
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