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Abstract: Metal films are often used in optoelectronic devices as mirrors and/or electrical
contacts. In many such devices, however, the π-phase shift of the electric field that occurs
upon reflection from a perfect electric conductor (for which a metal mirror is a reasonable
approximation) is undesirable. This is because it results in the total electric field being zero at
the mirror surface, which is unfavorable if one wishes for example to enhance absorption by a
material placed there. This has motivated the development of structures that reflect light with
zero phase shift, as these lead to the electric field having an anti-node (rather than node) at the
surface. These structures have been denoted by a variety of terms, including magnetic mirrors,
magnetic conductors, and high impedance surfaces. In this work, we experimentally demonstrate
a long-wave infrared device that we term a magnetic mirror. It comprises an array of amorphous
silicon cuboids on a gold film. Our measurements demonstrate a phase shift of zero and a high
reflectance (of ∼90%) at a wavelength of 8.4 µm. We present the results of a multipole analysis
that provides insight into the physical mechanism. Lastly, we investigate the use of our structure
in a photodetector application by performing simulations of the optical absorption by monolayer
graphene placed on the cuboids.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Structures that reflect light with zero phase shift of the electric field have drawn much attention
in recent years. These are often referred to as magnetic mirrors, but also as magnetic conductors
and high impedance surfaces. Early work included radio frequency designs pursued for the
goal of suppressing propagating surface waves and for the realization of low profile antennas
[1,2]. More recent investigations [3–15] have explored other structures and other applications,
and have included experimental studies in the visible, infrared, and terahertz portions of the
electromagnetic spectrum. These previous works have generally fallen into two categories. In
the first, metals are employed [4–9]. By introducing corrugations into the metal, it becomes
possible for the incident light to be coupled into surface plasmon polariton modes, and for
these to be subsequently coupled back out to free-space propagating modes. By choosing the
geometric parameters of the corrugations appropriately, the reflected beam can be made to have
the desired phase shift (of zero) at the target wavelength. In the second, high index dielectric
nanoparticles supporting resonances (akin to Mie resonances of spheres) are used [10–15]. The
reflected wave can be then thought of as the envelope comprising the sum of the scattered waves
generated by these resonances. Judicious choice of nanoparticle geometry and material permits
these resonances to be tuned, allowing control over the phase of the scattered light and thereby
achieving the desired functionality. This approach benefits from recent work on nano-optical
devices based on nanoparticles with high refractive indices [16–23]. The theoretical foundations
for this approach have a long history, e.g. with Lewin showing in 1946 that non-unity permeability
could be achieved with an array of non-magnetic, sub-wavelength dielectric resonators [24].
Phase modulators operating in reflection mode based on nano-optics have also been demonstrated
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[25,26]. These [25,26] and related previous works can achieve the desired zero phase shift, but
often reflect light poorly as they operate near the perfect absorption regime.
For conventional metal mirrors, electromagnetic boundary conditions force a π-phase shift

of the electric field upon reflection (in the ideal case that the metal can be considered as a
perfect electric conductor). For the magnetic mirror, boundary conditions lead to a π-phase
shift of the magnetic field, rather than electric field. As a result, when a magnetic mirror is
illuminated by a plane wave, the total electric field has an anti-node at the surface. Because of
this unusual property, magnetic mirrors can be much more effective than conventional metal
mirrors as reflectors in optoelectronic devices for which strong light-matter interaction (e.g.
absorption or emission) near the mirror surface is desirable. These structures have been thus
pursued for applications that include solar cells [5], enhanced photoluminescence [7], surface-
enhanced Raman scattering [8] and tunable photodetectors [9]. In previous works [3–15], it
has generally been the case that either the metal or the dielectric material is patterned to realize
the magnetic mirror. However, for many optoelectronic devices, it would be advantageous to
realize a multi-functional magnetic mirror from hybrid structures containing both metals and
dielectrics, with the metal acting as both an electrical conductor and a broadband optical reflector
and the dielectric structures providing flexible tunability of the reflected wave-front, e.g. control
over phase, amplitude, polarization, and radiation pattern. This approach would also be timely,
given the recent trend toward optoelectronic devices that employ ultra-thin active regions, e.g.
comprising two dimensional materials. These have included photodetectors [27–34] for the
mid-wave and long-wave infrared (MWIR and LWIR). The use of very thin materials is partly
motivated by the principle, well-established for MWIR and LWIR detectors [35], that reducing
the volume of the active material in turn reduces the noise associated with thermal generation of
charge carriers. Such materials, however, face the challenge of inherently weak optical absorption,
which is exacerbated by the fact that it is generally desirable for them to be placed close to an
electrical conductor (e.g. metal) for electrostatic gating. This motivates the development of an
LWIR magnetic mirror that incorporates both high index semiconductor resonators and a metal
film. This is the topic of this paper.
In this work, we harness the high reflectance of a conductive substrate (gold film) and the

versatile scattering properties of high index Mie resonators (a-Si, i.e. amorphous silicon, cuboids)
to achieve a thin LWIR magnetic mirror with high reflectance. A modified multipole analysis
method is employed to provide insights into the resonances supported by the resonator when it is
brought close to a perfect electric conductor (PEC) substrate. We experimentally demonstrate a
LWIR magnetic mirror comprising an array of thin a-Si cuboids (∼1.1 µm thick) on gold substrate
that shows zero phase shift and high reflectance of ∼90% at a wavelength of 8.4 µm. We further
show by simulation that the optical absorption in monolayer graphene placed on our structure
is more than three orders of magnitude greater than the absorption that would result were the
graphene instead placed on a gold mirror.
The organization of our paper is as follows. In the next section (Section 2), we describe

the design of our LWIR magnetic mirror. The magnetic mirror functionality is based on the
a-Si cuboids supporting magnetic dipole resonances. Excitation of these result in a boundary
condition in which the electric field does not change sign upon reflection. In Section 2 we thus
elucidate the physics of the scattering by our dielectric resonator (a-Si cuboid) when it is placed
above a PEC substrate. We then present magnetic mirror designs that span the wavelength range
∼6.6 to 12 µm. Results are shown as Figs. 1–3. In Section 3, we describe the experimental
realization of our magnetic mirror, including its fabrication and optical characterization. We
measure the reflection spectrum of the fabricated device using a homebuilt infrared microscope
interfaced to a Fourier transform infrared (FTIR) spectrometer. We measure the phase of the
reflected beam using a homebuilt Michelson interferometer, with a quantum cascade laser as
the light source. In Section 3, we also explore the potential application of using the magnetic
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mirror to enhance the light absorption in monolayer graphene via simulations. Results are shown
as Figs. 4–6. The conclusions of this study are provided as Section 4. We provide additional
details on the multipole expansion method, sample fabrication, and optical characterization in
the Appendix. These details may be of interest to specialists working in the field. Results are
shown as Figs. 7–10.

2. Design of LWIR magnetic mirror

It is well known that the tangential electric field on the surface of a perfect electric conductor
(PEC) is zero [36]. There is thus a π-phase shift of the electric field upon reflection and an
induced electric current on the PEC surface [36]. An analogous situation occurs for perfect
magnetic conductors (PMCs). Regular materials do not function as PMCs, unlike the situation
for PECs for which metals are a reasonable approximation. Nonetheless, PMCs are a useful
conceptual tool for electromagnetics problems. The tangential magnetic field is zero on the
surface of a PMC [36]. This leads to a π-phase shift of the magnetic field upon reflection and an
induced magnetic current on the PMC surface [36]. The phase shift of the electric field upon
reflection is zero. It has been previously shown that an array of dielectric resonators supporting
magnetic dipole resonances could provide this functionality (e.g. [12]). One may think of the
magnetic dipoles as serving the role of the magnetic current in the PMC case. In [12] and similar
studies, the dielectric resonators were on substrates with relatively low refractive indices. As
discussed, in this work our dielectric resonators are on conductive substrates. This modifies the
multipole resonances of the particles [37–44]. In this section, we describe the design of our
LWIR magnetic mirror. To elucidate the physics on how the multipolar resonances are modified
by the conductive substrate, we begin this section by studying the scattering properties of our
resonator as a function of its distance from a PEC. We next consider in greater detail the situation
in which the resonator is on the PEC and contrast its scattering properties with the case of a
resonator that is twice as thick and in a homogeneous medium. This section concludes with the
presentation of designs in which the conductive substrate is gold, i.e. a realistic metal rather than
a PEC.
We begin by studying the scattering properties of an a-Si cuboid (thickness D= 1 µm, side

length L= 3 µm) separated from a PEC surface by different distances. Figure 1(a) shows the four
configurations we study where the a-Si cuboid is at distances H= 0, λ/12, λ/6, λ/2 (λ= 10.5 µm)
above the PEC surface. The origins of coordinate system, denoted as O1, O2, O3, O4, are
chosen to be the points at which the perpendicular bisector of the cuboid crosses the PEC surface.
Illumination is from a normally-incident plane wave linearly polarized along the x axis. In our
calculation, the background field is taken as the standing wave distribution produced by the PEC
upon plane wave illumination, i.e. without the a-Si cuboid. The total field is that occurring
with both the PEC and the a-Si cuboid under plane wave illumination. The scattered field is
the difference between the total field and the background field. Due to the presence of the PEC
surface, conventional multipole analysis method - which deals with scatterers in homogeneous
environments - cannot be directly applied. To apply multipole analysis in our case, we replace the
PEC surface with image multipole sources based on the method of images. The corresponding
image multipole coefficients can be found and related to the original multipole coefficients
(calculated for a-Si cuboid by conventional method) using the PEC boundary condition.

The scattering of the a-Si cuboid can thus be decomposed into a new set of multipole scatterings
with modified multipole coefficients (see Appendix A1 for derivation) that are given as follows

α mod
E (l,m) = [1 − (−1)l+m]αE(l,m) (1)

α mod
M (l,m) = [1 + (−1)l+m]αM(l,m) (2)

where, α mod
E,M (l,m) are the modified electric and magnetic multipole coefficients with order l and

degree m. αE,M(l,m) are the conventional multipole coefficients [45]. We note that we previously
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Fig. 1. Multipole analysis of scattering from a-Si cuboid (D= 1 µm, L= 3 µm) above PEC
surface. (a) Schematic of scattering configurations with a-Si cuboid above PEC surface at
different height H= 0, λ/12, λ/6, λ/2 (λ= 10.5 µm). O1, O2, O3, O4 are coordinate origins
of the four configurations. (b-e) Total scattering cross section σsca (black curve) calculated
by integrating Poynting vector over the surface of cuboid and partial scattering cross sections
of electric dipole (ED, green curve) and magnetic dipole (MD, blue curve) components,
calculated using the modified multipole expansion method for the four configurations of
panel a. In panel b, a factor of 3 is applied to MD contribution for better visualization.
(f-i) Normalized electric field distribution on cross section (8 µm × 8 µm) through a-Si
cuboid, calculated at wavelength corresponding to those of the longer-wavelength peak in
MD scattering spectra of panels (b-e).

developed a related multipole expansion method for dielectric resonators on PECs and employed
it in the visible wavelength range for structural color applications [43]. Details on the differences
between the two methods are given in Appendix A1.
The calculated total scattering cross sections σsca and multipolar scattering cross section

components are shown as Figs. 1(b)–1(e). For clarity, only electric dipole (ED) and magnetic
dipole (MD) are shown here, with the results for higher order multipole contributions provided in
the Appendix (see Fig. 8). It can be seen that for all the cases, ED scattering contributions are
negligible as the original electric dipole and its image cancel each other. Large MD scattering
contributions can be seen and become more dominant as the cuboid is brought closer to the
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PEC surface. When the cuboid is on the PEC surface (H= 0 µm), the MD contribution accounts
for almost the entirety of the scattering of the cuboid at the wavelength of the spectral peak
(λ= 10.5 µm, Fig. 1(e)), which is important for the design of magnetic mirror. Figures 1(f)–1(i)
show the electric field profile at wavelengths corresponding to those of the longer-wavelength
peak in the MD scattering spectra of Figs. 1(b)–1(e). The characteristic field pattern of an MD
resonance is visible and becomes stronger as the cuboid is brought closer to the PEC, which is
consistent with the scattering cross section calculation.
The advantages of placing the cuboid directly onto a PEC surface can be further seen by

comparing its multipolar scattering behavior to that of a cuboid in air. Figures 2(a) and 2(b)
show the calculated total scattering cross section and multipolar contributions (up to octupolar
order) for two cases: an a-Si cuboid (D= 2 µm, L= 3 µm) in air (Fig. 2(a)) and an a-Si cuboid
(half as thick D= 1 µm, L= 3 µm) on a PEC surface (Fig. 2(b)). For both cases, the multipole
calculation of the total scattering cross section matches perfectly with that calculated using the
Poynting method, in which we integrate the Poynting vector over a closed surface surrounding

Fig. 2. Multipole analysis of scattering from (a) an a-Si cuboid (D= 2 µm, L= 3 µm) in air
and (b) an a-Si cuboid (D= 1 µm, L= 3 µm) on PEC surface. (c,d) Normalized electric field
magnitude profiles on cross section (6 µm × 6 µm in (c), 6 µm × 3 µm in (d)) through the
cuboid center in XZ plane are shown at λ= 10.5 µm for scenarios in (a,b) respectively.
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the cuboid. This verifies the validity of our modified multipole analysis method. Note that for the
case of the cuboid in air, the coordinate origin is chosen to be the cuboid center. Some interesting
facts can be seen from the results. It can be seen that, due to their distinct mirror symmetry
properties, the interaction of different multipoles with their corresponding images (resulting from
the PEC) leads to either cancellation or enhancement of the overall scattering. More specifically,
for the case of the cuboid on PEC, the scattering strengths of the ED, magnetic quadrupole (MQ)
and electric octupole (EO) are strongly diminished, while the scattering strengths of the MD,
electric quadrupole (EQ) and magnetic octupole (MO) are retained and approximately doubled.
Of particular interest is the retention and enhancement of the MD when the cuboid is on the
PEC. This can be understood conceptually by the schematic illustration of Fig. 2(d), i.e. the
PEC can be thought of as supporting image electric fields that mirror the electric fields of the
cuboid on the PEC, resulting in the formation of a circulating electric field pattern, i.e. an MD
configuration. These resemble the MD that occurs when the cuboid is in air. These observations
are consistent with our previous study [43] at shorter wavelengths that was motivated by structural
color applications. Figures 2(c)–2(d) show the electric field profiles at MD resonance wavelength
for the two cases corresponding to Figs. 2(a) and 2(b), respectively. The suppression/enhancement
of the electric dipole/magnetic dipole contribution and reduction (50%) of structure thickness for
the cuboid on PEC are beneficial for the realization of the magnetic mirror functionality.

The magnetic mirror structure we propose thus consists of a square array of a-Si cuboids on an
Au film (100 nm thick) on a silicon wafer (Fig. 3(a)). We choose gold film to play the role of the
PEC because of its high conductivity in the LWIR. We begin by simulating the reflectance and
phase shift using the finite difference time domain method implemented in a commercial software
package (FDTD Solutions, Lumerical). Figures 3(b) and 3(c) show the simulated reflectance
and phase shift spectra for structures consisting of cuboids with D= 1 µm and L= 1 µm - 4 µm.
The period of the (square) array is taken to be 2L. For the phase calculation, the reference plane

Fig. 3. (a) Schematic of proposed LWIR magnetic mirror. Simulated reflectance (b) and
phase shift (c) of magnetic mirror structures with cuboid thickness D= 1 µm and side length
L= 1-4 µm. Period of the structure is 2L. Top surface of the cuboid is selected as the
reference plane for the phase shift calculation. (d) Extracted zero phase shift wavelengths
and corresponding reflectance from panels b and c.
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is taken to be the top surface of the cuboids. It can be seen that as we increase the cuboid side
length, the reflection dip caused by the MD resonance (green colored diagonal Fig. 3(b)) as well
as the wavelength at which the reflection phase shift is zero (see Fig. 3(c)) red shift. Multipole
resonances of order higher than the MD can also be seen at shorter wavelengths. The wavelength
at which the phase shift is zero and its corresponding reflectance are plotted as a function of
cuboid side length as Fig. 3(d). It can be seen that magnetic mirrors (i.e. zero phase shift)
with high reflectance (e.g. 96% at λ= 6.6 µm) can be achieved over a range of wavelengths that
span the LWIR by properly choosing the structure parameters. Interestingly, the reflectance in
(Fig. 3(d)) increases as the cuboid side length decreases, which is due to the reduction of MD
strength as a result of the mismatch between the cuboid dimension and the excitation wavelength.

3. Experimental demonstration of LWIR magnetic mirror

To demonstrate the magnetic mirror experimentally, we fabricate a series of samples with cuboid
thickness D= 1.1 µm, and side lengths L= {1.4 µm, 1.5 µm, 1.6 µm, 1.7 µm, 1.85 µm, 2 µm}.
Fabrication starts with deposition of Au (100 nm thick) and a-Si (1.1 µm thick) films onto a silicon
wafer by electron beam evaporation and plasma-enhanced chemical vapor deposition, respectively.
An Al (30 nm thick) etch mask is then added by electron beam lithography, evaporation and
lift off. The a-Si film is then etched down to the Au surface by inductively coupled reactive
ion etching. Wet etching is then used to remove the Al mask. Figure 4(a) shows the scanning
electron microscope (SEM) images of a completed magnetic mirror sample. A well-defined
cuboid array is fabricated uniformly over a large area. We measure reflection spectra using a
homebuilt microscope attached to a Fourier transform infrared (FTIR) spectrometer (Fig. 4(b)).
For comparison, we simulate the reflection spectra of structures with the same cuboid thickness
and side length as that fabricated. The reflectance in both the simulation and measurement
are obtained by using the reflectance from a gold film as the reference. It can be seen that
the simulated reflection spectra (Fig. 4(c)) match well with the measured spectra in terms of
the reflection dip position. The dips of the measured spectra are slightly deeper than those of
simulations, however. This might be caused by fabrication imperfections. The small dips that
appear at shorter wavelengths in the measurement might be a consequence of the illumination in
our set-up not being purely at normal incidence [46].
To determine the phase shift of our magnetic mirror samples, we employ an interferometric

method based on a homebuilt infrared Michelson interferometer system that employs a quantum
cascade laser (QCL) operating at λ= 8.4 µm. The two interfering beams are from a gold mirror
(whose position is scanned) and from the sample under test. Using this setup, we measure
interferograms from the magnetic mirror samples and from a gold reference sample. These
interferograms consist of the photodetector signals measured as a function of position of the
scanning gold mirror. The relative phase of the reflection between a magnetic mirror sample and
the gold reference sample is retrieved by comparing the interferograms. Two of the measured
interferograms are shown in the inset of Fig. 5(a). The top interferogram (blue dots) is from a
magnetic mirror sample (with D= 1.1 µm and L= 1.7 µm). The bottom interferogram (green dots)
is from the gold reference sample. We fit the measured interferograms to sinusoidal functions,
from which we extract the relative phase of reflection from different samples. Note that the height
difference (of 1.1 µm) between the gold reference sample and the magnetic mirror samples is
taken into account in the phase determination. This height difference arises from the fact that
the gold reference sample comprises a region of the magnetic mirror chip in which there are no
a-Si cuboids (i.e. beam reflects from gold film). The results for our phase shift measurements
are shown as Fig. 5(a). It should be noted that these results take the phase shift of reflection
from the gold reference sample to be -π. The measured phase shifts of the fabricated samples
vary from −0.12π to 0.69π as the cuboid side length increase from 1.4 µm to 2 µm, which is
in reasonable agreement with the simulation. It can be seen that the desired zero phase shift,
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Fig. 4. (a) SEM images (tilted view) of fabricated magnetic mirror sample containing
cuboids with side length L= 1.7 µm and thickness D= 1.1 µm. Scale bars: 50 µm, 20 µm
and 2 µm respectively. (b,c) Measured and simulated reflection spectra of magnetic mirrors
containing cuboids with cuboid dimensions D= 1.1 µm and L= {1.4 µm, 1.5 µm, 1.6 µm,
1.7 µm, 1.85 µm, 2 µm}.

i.e. magnetic mirror functionality, is realized for the sample with cuboid side length L= 1.7 µm.
Figure 5(b) shows simulated and measured reflectance at the operating wavelength (8.4 µm). The
measurements (of Fig. 5(b)) are extracted from the spectra of Fig. 4(c). It can be seen that the
measured reflectance for the sample with the magnetic mirror behavior (L= 1.7 µm) is as high as
90%. Possible reasons for the small optical losses include absorption in a-Si cuboids and the
ohmic loss in the metal caused by the near field coupling between cuboids and the gold substrate
on magnetic dipole resonance.
To investigate a potential application of our magnetic mirror, we study its use to increase the

optical absorption in monolayer graphene placed directly on it via simulations. For comparison,
we consider two other cases, in which the graphene monolayer is situated in free space and
in which it is placed on a gold mirror. The results are shown as Fig. 6(a) and consist of the
absorption spectra simulated for monolayer graphene placed on the magnetic mirror designs we
consider in this paper (a-Si cuboids on gold). The cuboids have D= 1 µm, and L= 1–2.2 µm in
steps of 0.2 µm (solid curves). It can be seen that the absorption in graphene is strongly enhanced
at wavelengths corresponding to zero phase shift wavelengths of the magnetic mirrors (Fig. 6(b)).
Further details on the simulation method are provided in Appendix A3.2. The peak absorption of
each device is around four times greater than that of the graphene suspended in air (grey dashed
curve in Fig. 6(a)). The peak absorption is around three orders of magnitude larger than the case
when graphene is on a gold mirror (grey dotted curve in Fig. 6(a)). This is a direct result of the
enhancement of the electric field intensity (roughly four times of incident field intensity) at the
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Fig. 5. Measured and simulated phase shift (a) and reflectance (b) at 8.4 µm for samples
with D= 1.1 µm, and L= 1.4 - 2 µm. Inset of (a) shows the interferograms from a magnetic
mirror sample with D= 1.1 µm, and L= 1.7 µm (top) and a gold reference sample (bottom).

surface of the magnetic mirror when it reflects light with zero phase shift. Likewise, due to the
electric field intensity being very small on the gold surface, absorption in graphene is strongly
suppressed when it is placed on a gold mirror. In a photodetector application, the use of our
magnetic mirror would allow the graphene to be electrostatically gated (by applying a voltage to
the metal) while allowing optical absorption to be substantial. We furthermore note that while
in each device of Fig. 6, cuboids have the same design, this does not have to be the case. One
could for example have a device in which the cuboid side length is varied to produce a phase
shift distribution akin to that of a concave mirror, i.e. so that the reflected wave is focused to a
small spot in the device center, at which a photodetector could be located. In this way, magnetic
mirrors could perform the function normally performed by microlenses in optically-immersed
photodetector devices [35].

Fig. 6. (a) Absorption spectra for monolayer graphene placed on magnetic mirrors with
cuboid parameters D= 1 µm, and L= 1–2.2 µm in steps of 0.2 µm (solid curves), suspended
in air (grey dashed curve) and on gold mirror (grey dotted curve). (b) Phase shift from
magnetic mirrors considered in panel a.

4. Conclusions

In summary, in this work we describe a LWIR magnetic mirror that consists of an array of a-Si
cuboids on a gold substrate. A modified multipole analysis method is employed to reveal the
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physical mechanism of the magnetic mirror functionality of the structure, showing efficient
excitation of the magnetic dipole resonance of the cuboid on the PEC surface. The image effect
(due to the presence of conductive substrate) allows us to use resonators that are half the thickness
of dielectric resonators in a homogeneous environment. We fabricate magnetic mirror samples
and demonstrate the magnetic mirror functionality at wavelength λ= 8.4 µm from one of the
samples (cuboid side length L= 1.7 µm, thickness D= 1.1 µm) by measuring the phase shift
using a homebuilt Michelson interferometer. The magnetic mirror shows a measured phase shift
of zero and reflectance of 90% at λ= 8.4 µm. The proposed magnetic mirror is also shown to
offer significantly stronger light absorption for monolayer graphene placed on it than were the
graphene to be suspended in air or placed on a gold surface. Our findings provide important
information for the development of thin and low-loss magnetic mirrors, especially in the long
wave infrared (LWIR) spectral range.

Appendix

A1. Multipole analysis of scatterer above a perfect electric conductor (PEC) sub-
strate

Multipole analysis is a well-established method and has proven successful for many scattering
problems [40–42,44,45,47,48]. Nonetheless, most conventional multipole analysis methods have
the constraint of requiring the scatterer to be situated in a homogeneous environment. In case of
the scatterer being situated in an inhomogeneous environment, such as being above a perfect
electric conductor (PEC) substrate, conventional methods cannot be directly applied. For this
reason, various approaches have been developed to study light scattering by scatterers in the
presence of a substrate. Early efforts include studies of simple geometries such as a circular
cylinder parallel to a reflecting flat surface illuminated by a plane wave [38,39]. In these works,
a cylindrical-wave approach is employed to decompose the fields. This takes into account the
fields reflected from the surface. But multipole contributions to the scattering are not investigated
in this approach, and the method imposes restrictions on the geometry and orientation of the
scatterer, i.e. an infinite cylinder parallel to the reflective surface. Multipole analysis of light
scattering by arbitrary-shaped nanoparticles located near or on a plane surface is studied up
to the orders of magnetic quadrupole and electric octupole based on the decomposed discrete
dipole approximation method, where the induced polarization is decomposed into multipole
moments around a point at the center of mass of the scatterer [40]. The multipole decomposition
of the scattered field in the far-field zone is then obtained using the far-field approximation of
Green’s tensors for reflection from the surface. A method termed the generalized point-dipole
approximation was devised to study substrate-induced resonant magnetoelectric effects for a
dielectric sphere on a substrate [41]. In this method, the dielectric particle is replaced by a pair of
point electric and magnetic dipoles located at the center of the particle with the substrate-modified
polarizabilities that contain cross-coupling terms between electric and magnetic dipoles. The
applicability of the method is limited for particles with certain geometries such as sphere
or cylinder since the effective polarizabilities are expressed through Mie’s dipole scattering
coefficients. More recently, an analytical model based on a modified Mie theory is used to study
the fields generated by plane-wave illumination of a dielectric cylinder above a reflective mirror
[42]. The method neglects the near-field interaction between the cylinder and the mirror, thus
requires the cylinder to be sufficiently away from the mirror. It also imposes restrictions on the
shape of the scatterer as it is based on Mie’s theory. Here we present a set of modified multipole
coefficients that describe the scattering from a scatterer above a PEC substrate. These modified
multipole coefficients are found by introducing a set of image multipole coefficients based on the
method of images. The method we present is applicable for arbitrarily-shaped particles above a
PEC surface with any direction of the incident wave. While we have employed it to study the
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scattering of a single particle on a PEC surface, it also can be applied for particles in an array on
PEC surface in a manner similar to [45]. We note that in another paper we published [43], related
work was shown, but with some differences. In that work, we studied the case of a scatterer on
the PEC substrate (situated in the YZ plane). In this work, the presented method is employed to
study the case of a scatterer above (with separation) the PEC substrate (situated in the XY plane).
In addition, in this work, we derive the result in a different way. We hope that the derivation we
present in this paper will provide additional physical insight. The conventional multipole analysis
method states that for a monochromatic plane wave with electric field amplitude E0, angular
frequency ω and wavevector k, incident on a particle in an otherwise homogeneous lossless
dielectric medium, the scattered electric field can be written in spherical coordinates in the form
of multipole expansion [45]:

Es(r) = E0
∑∞

l=1

∑l

m=−l
il[π(2l + 1)]1/2


1
kαE(l,m)∇ × [h(1)l (kr)Xlm(θ, ϕ)]

+αM(l,m)h(1)l (kr)Xlm(θ, ϕ)

 (3)

where h(1)l (kr) is the spherical Hankel function of the first kind, Xlm(θ, ϕ) is the normalized
vector spherical harmonics, αE(l,m) and αM(l,m) are electric and magnetic multipole coefficients
of order l and degree m respectively. The vector functions in the multipole expansion form a
complete basis for representing the electromagnetic field outside an arbitrary localized source.
Using the orthogonality of the basis, the multipole coefficients can be calculated as:

αE(l,m) =
(−i)l−1k2ηOlm

E0[π(2l + 1)]1/2

∫
e−imϕ


[ϕl(kr) + ϕ′′l (kr)]Pm

l (cos θ )̂r · Jsca(r)

+
ϕ′l (kr)

kr [τlm(θ)θ̂ · Jsca(r) − iπlm(θ)ϕ̂ · Jsca(r)]

d3r

(4a)

αM(l,m) =
(−i)l+1k2ηOlm

E0[π(2l + 1)]1/2

∫
e−imϕjl(kr)[iπlm(θ)θ̂ · Jsca(r) + τlm(θ)ϕ̂ · Jsca(r)]d3r (4b)

Jsca(r) = −iω[ε(r) − εh]E(r) (4c)

where E(r) is the total electric field, εh is the permittivity of the host medium, ϕl(kr) = krjl(kr)
are the Riccati-Bessel functions, Pm

l (cos θ) are the associated Legendre polynomials, and Olm,
τlm and πlm are defined as follows:

Olm =
1

[l(l + 1)]1/2
[
2l + 1
4π
(l − m)!
(l + m)!

]1/2 (5a)

τlm(θ) =
d
dθ

Pm
l (cos θ) (5b)

πlm(θ) =
m

sin(θ)
Pm

l (cos θ) (5c)

The scattering cross section of the particle can thus be decomposed into multipole contributions
by σsca =

π
k2
∑∞

l=1
∑l

m=−l (2l + 1)[|αE(l,m)|2 + |αM(l,m)|2].
Consider the configuration of a particle with arbitrary size and shape in a homegeous medium

above a PEC substrate that extends infinitely in the XY plane (Fig. 7(a)). The z = 0 plane is
assumed to be the surface of the PEC substrate. A plane wave linearly polarized along the x
direction (Eia = E0 exp(−ikz)̂x) is normally incident on the PEC substrate and is scattered by
the particle. Here, a time dependence of exp(−iwt) is assumed. This scattering problem is fully
specified by the electromagnetic field above the PEC (which satisfies the time harmonic form of
Maxwell’s equations) and the boundary condition at z = 0. These are given as follows:
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∇ ×H + iω(ε + iσω )E = 0

∇ × E − iωµH = 0

∇ · (εE) = 0

∇ · (µH) = 0

(6)


n̂ × E = 0

n̂ ·H = 0
, z = 0 (7)

We first prove that this scattering problem is equivalent to the scattering problem described in
Fig. 7(b), for which the PEC substrate is replaced by an image particle that mirrors the original
particle with respect to z = 0, and an image source comprising a plane wave described by
Eib = −E0 exp(ikz)̂x. The image source can be thought of as the wave reflected by the PEC, i.e.
Eib = Er.

Fig. 7. Schematic illustration of two equivalent scattering problems. (a) Particle is above
PEC (z = 0 plane) with x−polarized plane wave excitation. (b) Equivalent scattering problem,
in which PEC is replaced by an image particle and image plane wave.

To prove this claim, we have to verify that in the new configuration, the field in the upper
half space (z ≥ 0) also satisfies Eqs. (6) and (7). By the principle of linear superposition, the
scattered fields caused by the incident waves Eia, and Eib can be considered separately. Suppose
the solution of the scattering problem with incident wave Eia is:

Ea(x, y, z) = Ex(x, y, z)̂x + Ey(x, y, z)̂y + Ez(x, y, z)̂z

Ha(x, y, z) = Hx(x, y, z)̂x + Hy(x, y, z)̂y + Hz(x, y, z)̂z
(8)

By definition, this solution must satisfy Maxwell’s Eq. (6). For the scattering problem with
incident wave Eib, due to mirror symmetry of the problem, its solution can be related to the
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solution in Eq. (8) as follows:
Eb(x, y, z) = −Ex(x, y,−z)̂x − Ey(x, y,−z)̂y + Ez(x, y,−z)̂z

Hb(x, y, z) = Hx(x, y,−z)̂x + Hy(x, y,−z)̂y − Hz(x, y,−z)̂z
(9)

Since one can substitute the expressions for Eb and Hb (Eq. (9)) into Eq. (6) and quickly find
that they also satisfy Maxwell’s equations. Furthermore, Eib and Eia are also related to each
other by Eqs. (8)–(9) because by definition Eib = Er. The total electric and magnetic field
for the scattering problem in Fig. 7(b) are thus linear superpositions of the fields described in
Eqs. (8)–(9) 

Etotal = Ea + Eb

Htotal = Ha +Hb
(10)

By substituting Eqs. (8) and (9) into Eq. (10), we can easily prove that the total field satisfy
both Maxwell’s Eq. (6) and boundary condition for Eq. (7) at z = 0. According to the
uniqueness theorem, the solution described by Eq. (10) must be the same as the solution solved
for configuration in Fig. 7(a). Thus, we have proven the two scattering problems illustrated in
Figs. 7(a) and 7(b) are equivalent.

Since the new configuration (Fig. 7(b)) only consists particles in a homogeneous environment,
we can apply conventional multipole analysis method directly. In this case, the multipole
coefficients can be calculated from the electric fields in both the original particle and the image
particle, with the incident field being the superposition of two counter propagating plane waves
Eia and Eib. Furthermore, since the fields above z = 0 is the same for Fig. 7(a) and Fig. 7(b),
the multipole coefficients calculated from fields in the original particle is also the same for the
two configurations. We next find the relation between the multipole coefficients calculated from
fields in the original particle and fields in the image particle, namely the relation between the
original multipole coefficients and the image multipole coefficients.

Let us consider the equivalent configuration in Fig. 7(b). From the mirror symmetry relation
in Eqs. (8)–(9), it can be understood that the total electric field described in Eq. (10) also satisfies
mirror symmetry with respect to z = 0,

Ex(x, y, z) = −Ex(x, y,−z)

Ey(x, y, z) = −Ey(x, y,−z)

Ez(x, y, z) = Ez(x, y,−z)

(11)

The spherical components of the total electric field can be related to their Cartesian components
as, 

Er = sin θ cos ϕEx + sin θ sin ϕEy + cos θEz

Eθ = cos θ cos ϕEx + cos θ sin ϕEy − sin θEz

Eϕ = − sin ϕEx + cos ϕEy

(12)

With Eqs. (11)–(12), we can obtain the following relation in spherical coordinate,
Er(r, θ, ϕ) = −Er(r, π − θ, ϕ)

Eθ (r, θ, ϕ) = Eθ (r, π − θ, ϕ)

Eϕ(r, θ, ϕ) = −Eϕ(r, π − θ, ϕ)

(13)
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Let us denote the original multipole coefficients as αE(l,m), αM(l,m), and the image multipole
coefficients as α′E(l,m), α

′
M(l,m). These can be calculated in the same way as Eqs. (4a)–(4c),

α(′)E (l,m) =
(−i)l−1k2ηOlm

E0[π(2l + 1)]1/2

∫
e−imϕ


[ϕl(kr) + ϕ′′l (kr)]Pm

l (cos θ )̂r · Jsca(r)

+
ϕ′l (kr)

kr [τlm(θ)θ̂ · Jsca(r) − iπlm(θ)ϕ̂ · Jsca(r)]

d3r

(14a)

α
(′)

M (l,m) =
(−i)l+1k2ηOlm

E0[π(2l + 1)]1/2

∫
e−imϕjl(kr)[iπlm(θ)θ̂ · Jsca(r) + τlm(θ)ϕ̂ · Jsca(r)]d3r (14b)

Jsca(r) = −iω[ε(r) − εh]E(r) (14c)

Note that in Eqs. (14a)–(14b), the integration for the original multipole coefficients is over the
volume of the original particle, while the integration for the image multipole coefficients is over
the volume of the image particle. By substituting Eq. (14c) into Eqs. (14a)–(14b), we have

α(′)E (l,m) =
(−i)lωk2ηOlm

E0[π(2l + 1)]1/2

∫
e−imϕ[ε(r) − εh]


[ϕl(kr) + ϕ′′l (kr)]Pm

l (cos θ)Er(r)

+
ϕ′l (kr)

kr [τlm(θ)Eθ (r) − iπlm(θ)Eϕ(r)]

d3r

(15a)

α
(′)

M (l,m) =
−(−i)lωk2ηOlm

E0[π(2l + 1)]1/2

∫
e−imϕjl(kr)[ε(r) − εh][iπlm(θ)Eθ (r) + τlm(θ)Eϕ(r)]d3r (15b)

Since the integration spaces for the original and image multipole coefficients possess a one-to-one
correspondence, each integration point P (r, θ, ϕ) in the original particle corresponds to an image
integration point P′ (r, π − θ, ϕ) in the image particle. With Eq. (13) and the following symmetry
properties for Pm

l (cos θ), τlm, and πlm
Pm

l (cos(π − θ)) = (−1)l+mPm
l (cos(θ))

τlm(π − θ) = −(−1)l+mτlm(θ)

πlm(π − θ) = (−1)l+mπlm(θ)

(16)

It can be easily shown that the image multipole coefficients and original multipole coefficients
satisfy the following relation 

α′E(l,m) = −(−1)
l+mαE(l,m)

α′M(l,m) = (−1)
l+mαM(l,m)

(17)

Thus, we can define a new set of multipole coefficients as follows:
α mod

E (l,m) = [1 − (−1)l+m]αE(l,m)

α mod
M (l,m) = [1 + (−1)l+m]αM(l,m)

(18)

with αE(l,m) and αM(l,m) being the original multipole coefficients that can be calculated from
the field distribution in the original particle in Fig. 7(a).
The scattering cross section is then given:

σsca =
π

2k2
∑∞

l=1

∑l

m=−l
(2l + 1)[|α mod

E (l,m)|2 + |α mod
M (l,m)|2] (19)

where a factor of 2 is added in the denominator to account for the fact that only the scattering
into the upper half space is relevant.
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Fig. 8. Multipole expansion of scattering cross section for an a-Si cuboid (D= 1 µm,
L= 3 µm) above PEC calculated using modified multipole coefficients at different heights
(a) H= 0 nm, (b) H= 875 nm, (c) H= 1750nm, (d) H= 5250 nm, and calculated using
conventional method under the equivalent configuration as described in Fig. 7(b) for (e)
H= 0 nm, (f) H= 875 nm, (g) H= 1750nm, (h) H= 5250 nm. Total scattering cross section
denoted “Poynting method” is calculated by integrating the Poynting vector over the surface
of the cuboid and dividing the result by the illumination intensity. The curve labeled “sum
of poles” is the summation of scattering cross sections from all multipoles considered (i.e.
up to octupolar).
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A2. Multipole expansion of scattering cross section for an amorphous silicon
(a-Si) cuboid above PEC at different heights

Using the modified multipole coefficients derived in A1, we study the scattering properties
of an a-Si cuboid with thickness D= 1 µm and side length L= 3 µm that is placed at different
distances (H) from a PEC. This is also considered in Fig. 1 of the main manuscript, but only
the dipole contributions are plotted there. Figures 8(a)–8(d) show the multipole contributions
to the scattering cross section when the cuboid is at distances of H= {0 nm, 875 nm, 1750nm,
5250 nm} above the PEC. The total scattering cross section is also calculated by the integral
of the Poynting vector associated with scattered field over the surface of the cuboid, divided
by the illumination intensity (“Poynting method”). Note that we only calculate the multipolar
scattering cross section up to octupolar order. It can be seen that, for all cases considered, the
contributions to the scattering cross section from the ED, MQ, and EO are strongly suppressed.
On the other hand, scatterings from the MD, EQ and MO together account for nearly the entire
scattering cross section. For the case H= 5250 nm, the sum of the multipolar scattering cross
sections (up to octupolar order, orange solid line of Fig. 8(d)) is less than the total scattering
cross section (blue dashed line, Fig. 8(d)). This is because higher order multipoles (i.e. beyond
octupolar) are non-negligible for H= 5250 nm. The contribution to the scattering cross section
from the MD becomes larger as the cuboid is brought closer to the PEC. Indeed, when the cuboid
is on the PEC, the scattering cross section for wavelengths longer than 9 µm is dominated by the
MD. In Figs. 8(e)–8(h), we plot the result of performing the multipole expansion by applying the
conventional method to two cuboids (original and image) illuminated with counter-propagating
plane waves, i.e. the equivalent configuration described in Fig. 7 We can see the results agree
with those calculated using our modified multipole coefficients (Figs. 8(a)–8(d)).

A3. Electromagnetic simulations

A3.1. Scattering cross section of an a-Si cuboid above PEC

The calculation of scattering cross section of an a-Si cuboid above a PEC and its multipole
expansion is done using a commercial finite element method software package (COMSOL).
A three-step simulation is carried out in COMSOL. In the first step, we perform a full field
simulation of a plane wave incident on an infinitely-extended PEC substrate without the cuboid
and obtain the reflected field. Periodic boundary conditions are employed at the x− and y−
boundaries of the simulation domain to mimic the infinite extent of the PEC. Perfectly matched
layers (PMLs) are used at the z− boundaries. In the second step, we use the reflected field
obtained in the first step as the background field and simulate the scattering of the a-Si cuboid
above the PEC substrate with PMLs at all boundaries (x, y and z). The obtained scattered field is
used to calculate the total scattering cross section of the cuboid by integrating the Poynting vector
over the surface of the cuboid and normalizing it to the illumination intensity. In the last step, we
implement the multipole analysis model in COMSOL with our modified multipole coefficients to
calculate the multipolar scattering cross sections based on fields calculated in former steps. At
the time of writing, a simple multipole expansion model based on the conventional method is
also available at the following Internet link:
https://www.comsol.com/model/multipole-analysis-of-electromagnetic-scattering-31901

A3.2. Reflection, absorption and phase shift simulation

The simulations of amplitude and phase of the reflection coefficient in the main manuscript
are carried out using the finite difference time domain method with a commercial package
(FDTD Solutions, Lumerical). Periodic boundaries are applied at the x− and y− boundaries to
simulate the square lattice of the cuboids. PMLs are used at the z− boundaries to avoid unwanted
backscattering of the electromagnetic field. Illumination is from a plane wave at normal incidence.

https://www.comsol.com/model/multipole-analysis-of-electromagnetic-scattering-31901
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For the phase shift calculation, the top surface of the cuboids is chosen as the reference plane.
The simulations of absorption spectra for monolayer graphene placed on magnetic mirrors are
performed in FDTD, where the graphene is modelled based on a surface conductivity approach.
The scattering rate and chemical potential of graphene are taken as 0.0427 eV and 0.1895eV
respectively in the simulation.

A4. Fabrication of long-wave infrared magnetic mirror

Figure 9 shows the fabrication process for the magnetic mirror. The fabrication starts with
deposition of Ti (10 nm), Au (100 nm) films by electron beam evaporation (Intlvac Nanochrome
II Electron Beam and Thermal Evaporation System) and deposition of a-Si (1.1 µm) film by
Plasma-enhanced chemical vapor deposition (PECVD, Oxford Plasma Lab100) on a silicon wafer.
The cuboid arrays are then patterned in a PMMA layer (A4, 950K, 200 nm thick) by electron
beam lithography (Vistec EBPG5000 Plus EBL) and developed in 3:1 isopropanol−methyl
isobutyl ketone (MIBK, 60 seconds). After that, Al is deposited to a thickness of 30 nm by
evaporation and lift-off is performed, resulting in the etching mask. The sample is then etched
by inductively coupled plasma reactive ion etching (Oxford Plasma Lab100 (ICPRIE)-General
Etch) for 3 minutes and 25 seconds. The following gases are used: sulfur hexafluoride (SF6, 40
sccm) and perfluorocyclobutane (C4F8, 90 sccm). The RF and ICP powers are 30 W and 1200 W,
respectively. The remaining Al mask is etched away in Al etchant for 10 minutes.

Fig. 9. Schematic of the fabrication process for magnetic mirror structures.

A5. Interferometry measurements

We use a home-built infrared Michelson interferometer as shown in Fig. 10(a) to measure the
phase shift of light upon reflection from our magnetic mirror samples. A continuous-wave
Fabry-Perot quantum cascade laser (QCL, ThorLabs) with center wavelength 8.4 µm is used as the
light source. A ZnSe lens with a focal length of 100mm is used to focus the laser beam through a
ZnSe beam splitter (1 inch) onto the sample. The scanning Au mirror is mounted on a one-axis
translation stage (ThorLabs XR25P-K2/M) driven by a Thorlabs PIA50 piezo inertial actuator.
According to the manufacturer, this has a typical step size of 20 nm with a variation ∼20%. The
sample is mounted on another 3-axis motorized linear translational stage (Thorlabs LNR50S) with
bidirectional repeatability of 0.3 µm and backlash less than 6 µm, which is sufficient for sample
positioning. A liquid nitrogen cooled MCT detector from Infrared Associates is used to detect
the light from the interferometer. A source meter unit (Keithley 2450) is used to provide bias
voltage to the MCT detector and to measure the photocurrent. Control over the translation stages,
source supply and current readout is achieved using a Matlab control script. Figures 10(b)–10(d)
show the interferograms measured for a gold reference sample and six magnetic mirror samples
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with cuboid thickness D= 1.1 µm, and cuboid side length L ranging from 1.4 µm to 2 µm. To
avoid hysteresis of the piezo inertial actuator, the scanning mirror is scanned in one direction
for all measurements. A height difference of 1.1 µm between the gold reference sample and the
magnetic mirror samples is taken into account in the phase determination.

Fig. 10. (a) Schematic of the infrared Michelson interferometer setup for the phase
measurement. (b-d) Measured interferogram for a gold reference sample (b) and magnetic
mirror samples with cuboids (D= 1.1 µm, L= 1.4 µm, 1.5 µm, 1.6 µm) in (c) and cuboids
(D= 1.1 µm, L= 1.7 µm, 1.85 µm, 2 µm) in (d).

Funding

Defense Advanced Research Projects Agency (HR0011-16-1-0004); Australian Research Council
(DP150103736, DP180104141, FT140100577); Veski.

Acknowledgments

This work was performed in part at the Melbourne Centre for Nanofabrication (MCN) in the
Victorian Node of the Australian National Fabrication Facility (ANFF).

Disclosures

The authors declare no conflicts of interest.

References
1. D. Sievenpiper, L. J. Zhang, R. F. J. Broas, N. G. Alexopolous, and E. Yablonovitch, “High-impedance electromagnetic

surfaces with a forbidden frequency band,” IEEE Trans. Microwave Theory Tech. 47(11), 2059–2074 (1999).
2. A. P. Feresidis, G. Goussetis, S. H. Wang, and J. C. Vardaxoglou, “Artificial magnetic conductor surfaces and their

application to low-profile high-gain planar antennas,” IEEE Trans. Antennas Propag. 53(1), 209–215 (2005).
3. A. S. Schwanecke, V. A. Fedotov, V. V. Khardikov, S. L. Prosvirnin, Y. Chen, and N. I. Zheludev, “Optical magnetic

mirrors,” J. Opt. A: Pure Appl. Opt. 9(1), L1–L2 (2007).
4. V. A. Fedotov, A. V. Rogacheva, N. I. Zheludev, P. L. Mladyonov, and S. L. Prosvirnin, “Mirror that does not change

the phase of reflected waves,” Appl. Phys. Lett. 88(9), 091119 (2006).
5. M. Esfandyarpour, E. C. Garnett, Y. Cui, M. D. McGehee, and M. L. Brongersma, “Metamaterial mirrors in

optoelectronic devices,” Nat. Nanotechnol. 9(7), 542–547 (2014).
6. R. Rajasekharan and A. Roberts, “Optical ‘magnetic mirror’ metasurfaces using interference between Fabry-Perot

cavity resonances in coaxial apertures,” Sci Rep-Uk 5 (2015).
7. M. Esfandyarpour, A. G. Curto, P. G.Kik, N. Engheta, andM. L. Brongersma, “Optical emission near a high-impedance

mirror,” Nat. Commun. 9(1), 3224 (2018).

https://doi.org/10.1109/22.798001
https://doi.org/10.1109/TAP.2004.840528
https://doi.org/10.1088/1464-4258/9/1/L01
https://doi.org/10.1063/1.2179615
https://doi.org/10.1038/nnano.2014.117
https://doi.org/10.1038/s41467-018-05505-w


Research Article Vol. 28, No. 2 / 20 January 2020 / Optics Express 1490

8. V. Thareja, M. Esfandyarpour, P. G. Kik, and M. L. Brongersma, “Anisotropic Metasurfaces as Tunable SERS
Substrates for 2D Materials,” ACS Photonics 6(8), 1996–2004 (2019).

9. J. van de Groep and M. L. Brongersma, “Metasurface Mirrors for External Control of Mie Resonances,” Nano Lett.
18(6), 3857–3864 (2018).

10. J. C. Ginn, I. Brener, D. W. Peters, J. R. Wendt, J. O. Stevens, P. F. Hines, L. I. Basilio, L. K. Warne, J. F. Ihlefeld, P.
G. Clem, and M. B. Sinclair, “Realizing Optical Magnetism from Dielectric Metamaterials,” Phys. Rev. Lett. 108(9),
097402 (2012).

11. Z. H. Jiang, S. Yun, L. Lin, D. Brocker, D. H. Werner, and T. S. Mayer, “Experimental Demonstration of an Optical
Artificial Perfect Magnetic Mirror Using Dielectric Resonators,” Ieee Antennas Prop (2012).

12. S. Liu, M. B. Sinclair, T. S. Mahony, Y. C. Jun, S. Campione, J. Ginn, D. A. Bender, J. R. Wendt, J. F. Ihlefeld, P. G.
Clem, J. B. Wright, and I. Brener, “Optical magnetic mirrors without metals,” Optica 1(4), 250–256 (2014).

13. L. Lin, Z. H. Jiang, D. Ma, S. Yun, Z. W. Liu, D. H. Werner, and T. S. Mayer, “Dielectric nanoresonator based
lossless optical perfect magnetic mirror with near-zero reflection phase,” Appl. Phys. Lett. 108(17), 171902 (2016).

14. W. Liu, “Generalized Magnetic Mirrors,” Phys. Rev. Lett. 119(12), 123902 (2017).
15. Z. J. Ma, S. M. Hanham, P. Albella, B. H. Ng, H. T. Lu, Y. D. Gong, S. A. Maier, and M. H. Hong, “Terahertz

All-Dielectric Magnetic Mirror Metasurfaces,” ACS Photonics 3(6), 1010–1018 (2016).
16. E. Schonbrun, K. Seo, and K. B. Crozier, “Reconfigurable Imaging Systems Using Elliptical Nanowires,” Nano Lett.

11(10), 4299–4303 (2011).
17. J. M. Geffrin, B. Garcia-Camara, R. Gomez-Medina, P. Albella, L. S. Froufe-Perez, C. Eyraud, A. Litman, R. Vaillon,

F. Gonzalez, M. Nieto-Vesperinas, J. J. Saenz, and F. Moreno, “Magnetic and electric coherence in forward- and
back-scattered electromagnetic waves by a single dielectric subwavelength sphere,” Nat. Commun. 3(1), 1171 (2012).

18. Y. H. Fu, A. I. Kuznetsov, A. E. Miroshnichenko, Y. F. Yu, and B. Luk’yanchuk, “Directional visible light scattering
by silicon nanoparticles,” Nat. Commun. 4(1), 1527 (2013).

19. P. Fan, Z. Yu, S. Fan, and M. L. Brongersma, “Optical Fano resonance of an individual semiconductor nanostructure,”
Nat. Mater. 13(5), 471–475 (2014).

20. F. Priolo, T. Gregorkiewicz, M. Galli, and T. F. Krauss, “Silicon nanostructures for photonics and photovoltaics,” Nat.
Nanotechnol. 9(1), 19–32 (2014).

21. M. R. Shcherbakov, P. P. Vabishchevich, A. S. Shorokhov, K. E. Chong, D. Y. Choi, I. Staude, A. E. Miroshnichenko,
D. N. Neshev, A. A. Fedyanin, and Y. S. Kivshar, “Ultrafast All-Optical Switching with Magnetic Resonances in
Nonlinear Dielectric Nanostructures,” Nano Lett. 15(10), 6985–6990 (2015).

22. V. F. Gili, L. Carletti, A. Locatelli, D. Rocco, M. Finazzi, L. Ghirardini, I. Favero, C. Gomez, A. Lemaitre, M.
Celebrano, C. De Angelis, and G. Leo, “Monolithic AlGaAs second-harmonic nanoantennas,” Opt. Express 24(14),
15965–15971 (2016).

23. A. I. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma, Y. S. Kivshar, and B. Luk’yanchuk, “Optically resonant
dielectric nanostructures,” Science 354(6314), aag2472 (2016).

24. L. Lewin, “The Electrical Constants of a Material Loaded with Spherical Particles,” J. Inst. Electr. Eng., Part 3
94(27), 65–68 (1947).

25. M. C. Sherrott, P. W. C. Hon, K. T. Fountaine, J. C. Garcia, S. M. Ponti, V. W. Brar, L. A. Sweatlock, and H.
A. Atwater, “Experimental Demonstration of >230 degrees Phase Modulation in Gate-Tunable Graphene-Gold
Reconfigurable Mid-Infrared Metasurfaces,” Nano Lett. 17(5), 3027–3034 (2017).

26. J. Park, J. H. Kang, S. J. Kim, X. Liu, and M. L. Brongersma, “Dynamic Reflection Phase and Polarization Control in
Metasurfaces,” Nano Lett. 17(1), 407–413 (2017).

27. Y. Z. Zhang, T. Liu, B. Meng, X. H. Li, G. Z. Liang, X. N. Hu, and Q. J. Wang, “Broadband high photoresponse from
pure monolayer graphene photodetector,” Nat. Commun. 4(1), 1811 (2013).

28. C. H. Liu, Y. C. Chang, T. B. Norris, and Z. H. Zhong, “Graphene photodetectors with ultra-broadband and high
responsivity at room temperature,” Nat. Nanotechnol. 9(4), 273–278 (2014).

29. F. H. L. Koppens, T. Mueller, P. Avouris, A. C. Ferrari, M. S. Vitiello, and M. Polini, “Photodetectors based on
graphene, other two-dimensional materials and hybrid systems,” Nat. Nanotechnol. 9(10), 780–793 (2014).

30. Y. Yao, R. Shankar, P. Rauter, Y. Song, J. Kong, M. Loncar, and F. Capasso, “High-Responsivity Mid-Infrared
Graphene Detectors with Antenna-Enhanced Photocarrier Generation and Collection,” Nano Lett. 14(7), 3749–3754
(2014).

31. J. Bullock, M. Amani, J. Cho, Y. Z. Chen, G. H. Ahn, V. Adinolfi, V. R. Shrestha, Y. Gao, K. B. Crozier, Y. L. Chueh,
and A. Javey, “Polarization-resolved black phosphorus/molybdenum disulfide mid-wave infrared photodiodes with
high detectivity at room temperature,” Nat. Photonics 12(10), 601–607 (2018).

32. X. C. Yu, P. Yu, D. Wu, B. Singh, Q. S. Zeng, H. Lin, W. Zhou, J. H. Lin, K. Suenaga, Z. Liu, and Q. J. Wang,
“Atomically thin noble metal dichalcogenide: a broadband mid-infrared semiconductor,” Nat. Commun. 9(1), 1545
(2018).

33. X. C. Yu, Y. Y. Li, X. N. Hu, D. L. Zhangg, Y. Tao, Z. X. Liu, Y. M. He, M. A. Haque, Z. Liu, T. Wu, and Q. J. Wang,
“Narrow bandgap oxide nanoparticles coupled with graphene for high performance mid-infrared photodetection,”
Nat. Commun. 9(1), 4299 (2018).

34. Q. S. Guo, R. W. Yu, C. Li, S. F. Yuan, B. C. Deng, F. J. G. de Abajo, and F. N. Xia, “Efficient electrical detection of
mid-infrared graphene plasmons at room temperature (vol 17, pg 986, 2018),” Nat. Mater. 17(11), 1048 (2018).

35. J. Piotrowski, “Uncooled operation of IR photodetectors,” Opto-Electron. Rev. 12(1), 111–122 (2004).

https://doi.org/10.1021/acsphotonics.9b00416
https://doi.org/10.1021/acs.nanolett.8b01148
https://doi.org/10.1103/PhysRevLett.108.097402
https://doi.org/10.1364/OPTICA.1.000250
https://doi.org/10.1063/1.4947274
https://doi.org/10.1103/PhysRevLett.119.123902
https://doi.org/10.1021/acsphotonics.6b00096
https://doi.org/10.1021/nl202324s
https://doi.org/10.1038/ncomms2167
https://doi.org/10.1038/ncomms2538
https://doi.org/10.1038/nmat3927
https://doi.org/10.1038/nnano.2013.271
https://doi.org/10.1038/nnano.2013.271
https://doi.org/10.1021/acs.nanolett.5b02989
https://doi.org/10.1364/OE.24.015965
https://doi.org/10.1126/science.aag2472
https://doi.org/10.1049/ji-3-2.1947.0013
https://doi.org/10.1021/acs.nanolett.7b00359
https://doi.org/10.1021/acs.nanolett.6b04378
https://doi.org/10.1038/ncomms2830
https://doi.org/10.1038/nnano.2014.31
https://doi.org/10.1038/nnano.2014.215
https://doi.org/10.1021/nl500602n
https://doi.org/10.1038/s41566-018-0239-8
https://doi.org/10.1038/s41467-018-03935-0
https://doi.org/10.1038/s41467-018-06776-z
https://doi.org/10.1038/s41563-018-0186-2


Research Article Vol. 28, No. 2 / 20 January 2020 / Optics Express 1491

36. C. A. Balanis, Advanced engineering electromagnetics (Wiley, 1989).
37. M. Moskovits, “Surface Selection-Rules,” J. Chem. Phys. 77(9), 4408–4416 (1982).
38. R. Borghi, F. Gori, M. Santarsiero, F. Frezza, and G. Schettini, “Plane-wave scattering by a perfectly conducting

circular cylinder near a plane surface: Cylindrical-wave approach,” J. Opt. Soc. Am. A 13(3), 483–493 (1996).
39. R. Borghi, M. Santarsiero, F. Frezza, and G. Schettini, “Plane-wave scattering by a dielectric circular cylinder parallel

to a general reflecting flat surface,” J. Opt. Soc. Am. A 14(7), 1500–1504 (1997).
40. A. B. Evlyukhin, C. Reinhardt, E. Evlyukhin, and B. N. Chichkov, “Multipole analysis of light scattering by

arbitrary-shaped nanoparticles on a plane surface,” J. Opt. Soc. Am. B 30(10), 2589–2598 (2013).
41. A. E. Miroshnichenko, A. B. Evlyukhin, Y. S. Kivshar, and B. N. Chichkov, “Substrate-Induced Resonant Magneto-

electric Effects for Dielectric Nanoparticles,” ACS Photonics 2(10), 1423–1428 (2015).
42. A. L. Holsteen, S. Raza, P. Y. Fan, P. G. Kik, and M. L. Brongersma, “Purcell effect for active tuning of light scattering

from semiconductor optical antennas,” Science 358(6369), 1407–1410 (2017).
43. S. Q. Li, W. Z. Song, M. Ye, and K. B. Crozier, “Generalized Method of Images and Reflective Color Generation

from Ultrathin Multipole Resonators,” ACS Photonics 5(6), 2374–2383 (2018).
44. H. Sugimoto and M. Fujii, “Broadband Dielectric-Metal Hybrid Nanoantenna: Silicon Nanoparticle on a Mirror,”

ACS Photonics 5(5), 1986–1993 (2018).
45. P. Grahn, A. Shevchenko, and M. Kaivola, “Electromagnetic multipole theory for optical nanomaterials,” New J.

Phys. 14(9), 093033 (2012).
46. S. Q. Li, W. Zhou, D. B. Buchholz, J. B. Ketterson, L. E. Ocola, K. Sakoda, and R. P. H. Chang, “Ultra-sharp

plasmonic resonances from monopole optical nanoantenna phased arrays,” Appl. Phys. Lett. 104(23), 231101 (2014).
47. V. E. Babicheva andA. B. Evlyukhin, “Resonant suppression of light transmission in high-refractive-index nanoparticle

metasurfaces,” Opt. Lett. 43(21), 5186–5189 (2018).
48. A. B. Evlyukhin, C. Reinhardt, A. Seidel, B. S. Luk’yanchuk, and B. N. Chichkov, “Optical response features of

Si-nanoparticle arrays,” Phys. Rev. B 82(4), 045404 (2010).

https://doi.org/10.1063/1.444442
https://doi.org/10.1364/JOSAA.13.000483
https://doi.org/10.1364/JOSAA.14.001500
https://doi.org/10.1364/JOSAB.30.002589
https://doi.org/10.1021/acsphotonics.5b00117
https://doi.org/10.1126/science.aao5371
https://doi.org/10.1021/acsphotonics.8b00161
https://doi.org/10.1021/acsphotonics.7b01461
https://doi.org/10.1088/1367-2630/14/9/093033
https://doi.org/10.1088/1367-2630/14/9/093033
https://doi.org/10.1063/1.4881323
https://doi.org/10.1364/OL.43.005186
https://doi.org/10.1103/PhysRevB.82.045404

