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Artificial magnetism in optical frequencies is one of the most intriguing phenomena associated with metamate-
rials. The Mie resonance of high-index resonators provides an alternative approach to achieving optical magnet-
ism with simple structures. Given the generally moderate refractive index exhibited by available materials at
optical frequencies, Mie resonances usually suffer from coupling between the multipole modes, and the
corresponding response of the Mie metasurfaces can be analyzed based on the concept of “meta-optics.”
Here, we show that the optical magnetism in high-index resonators can be significantly enhanced by adding
a highly reflective back mirror to the system. To highlight the transformative ability of this approach for im-
proving meta-optics in the linear and nonlinear regimes, two proof-of-concept demonstrations are presented.
Theoretical modeling reveals that low-pump power ultrafast nonlinear optics can be realized in periodic Si nano-
disk arrays backed with a gold film, a system supporting guided resonance modes. Moreover, based on the en-
hanced magnetism of individual high-index resonators, a pair of silicon cuboids is demonstrated as a magnetic
antenna for directional excitation of surface plasmon waves. The interference-enhanced magnetism of high-index
resonators provides a disruptive technology for enabling meta-optics comprising ultracompact, high-speed, and
power-efficient photonic devices. © 2019 Chinese Laser Press
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1. INTRODUCTION

Magnetism has rarely been considered in a materials’ optical
response until the recent emergence of metamaterials, which
are artificial media exhibiting optical properties determined
by their subwavelength building blocks, i.e., meta-atoms
[1,2]. In fact, the magnetic response observed in naturally oc-
curring materials generally vanishes at subterahertz (sub-THz)
frequencies. In contrast with the physical mechanism behind
magnetism in natural materials, the magnetic response from
meta-atoms, e.g., split ring resonators, arises from the rotating
current induced in the metallic structures by the magnetic com-
ponent of the incident electromagnetic fields [3]. This capabil-
ity to strongly interact with the magnetic component of
electromagnetic waves has enabled a variety of phenomena
[4–6] and also represents an important step toward negative
index media [1,7]. Despite the demonstrated flexibility for tai-
loring magnetic responses at microwave and THz frequencies
[8,9], metamaterials based on metallic structures continue to

face two primary challenges regarding magnetism in the optical
regime: the Ohmic loss due to the scattering of electrons at
metal surfaces and the complex process of fabricating
meta-atoms with subwavelength features.

Mie resonances of high-index resonators provide an alterna-
tive route to achieving strong electric and magnetic responses.
In contrast with that in metallic structures, the Mie resonance-
based magnetic response originates from the magnetic-
field-induced circular displacement current in dielectric resona-
tors [10,11]. High-index resonators have attracted considerable
attention for their use as simple building blocks or artificial
atoms in the construction of metamaterials. Nevertheless,
the extension of Mie resonance based 3D metamaterials into
the optical regime has rarely been reported, partially as a result
of the difficulty in fabrication. Distinct from metamaterials
possessing bulk effective material parameters, optical
metasurfaces derive their properties from either a single layer
or a few layers of meta-atoms [12,13]. Besides boosting the
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performance of planar plasmonic metadevices [14], the
metasurface concept has recently been applied to dielectric
nanostructures, revealing a variety of interesting phenomena
in both the linear and nonlinear regimes. Compared with plas-
monic nanostructures, dielectric meta-atoms are more attrac-
tive owing to their potential for manipulating optical waves
with extremely low losses. It is important to note that, due
to the fact that the refractive index of constituent materials
at optical frequencies is generally low to moderate, typical
dielectric meta-atoms are not considerably smaller than the
operating wavelength. As a result, the response of dielectric
metasurfaces can be analyzed by employing the concept of
“meta-optics” rather than by effective material parameter mod-
els. Two review papers have provided a comprehensive descrip-
tion of the recent advances in this fast-developing field [15,16].

The fundamental properties of magnetic Mie resonances are
primarily determined by the refractive index of the resonators.
In optics, the refractive index of dielectric materials is, in
general, moderate, which accordingly gives rise to a variety
of unique characteristics that are associated with optical Mie
resonances. For instance, the coherent effect, which is defined
as the coupling between multipole modes of a dielectric reso-
nator’s scattering field, is obvious for Si nanostructures.
Therefore, the scattering of optical dielectric resonators gener-
ally exhibits typical features of low-quality-factor (Q-factor)
spectra and a reduction in the frequency separation between
the magnetic and electric resonances [17–20]. Furthermore,
the relatively weak confinement of the fields leads to strong
interaction between neighboring dielectric meta-atoms, which
makes the design of meta-optics even more challenging. The
relatively poor field confinement also seriously restricts and im-
pedes the applications of dielectric resonators in the nonlinear
regime due to the limited local field enhancement factors.
Therefore, a new strategy that would allow enhanced Mie
resonance for sharper spectral features in the optical response
as well as larger field enhancement is highly desired for meta-
optics-based systems operating in the linear and nonlinear
regimes.

The interference of coherent waves has been widely
exploited in the design of high-Q-factor systems [21], such
as in conventional lasers, Fabry–Perot etalons, and micro-ring
resonators. On the other hand, by exploiting an index guiding
effect that confines light in the third (vertical) dimension [22],
guided modes in photonic crystal slabs have been utilized to
realize devices in a planar configuration [23,24]. Although
the in-plane periodic structure incorporated into such designs
provides the phase-matching mechanism, the coupling between
the guided modes and surface-normal incident light is primarily
constrained by the low refractive index of the optical materials.
More recently, Piper and Fan theoretically verified that critical
coupling of normally incident light with guided resonances of a
photonic crystal slab can be achieved by simply adding a highly
reflective mirror that backs the slab [25]. We emphasize that
the interference under the critical coupling condition leads
to strong mode selection, which can potentially result in a
high-Q Mie resonance in dielectric resonators with strong field
confinement. In fact, a metallic backplane in these critically
coupled systems can facilitate interference and simultaneously

provide a loss mechanism. It should be noted that metallic
backplanes have been widely adopted in planar metadevices
not only for enhancing the optical responses [26,27] but also
for enabling multiple functionalities by exploiting other intrin-
sic properties of metals [28,29]. A metallic substrate has also
been used to control the scattering properties of isolated
dielectric nanoparticles [30,31].

In this work, by presenting two proof-of-concept studies, we
demonstrate that meta-optical systems based on the interference-
enhanced magnetism in silicon resonators can potentially serve
as a transformative platform for strong linear and nonlinear
light–matter interactions. Starting from a study of Mie resonan-
ces of Si nanodisks on top of a gold substrate as a function of the
resonator array size, the origin of the interference-enhanced
optical magnetism in the high-index resonators is revealed. A
theoretical analysis of optical nonlinearity suggests that ultrafast
all-optical tuning of a Si metasurface backed by a gold film can be
realized with pump power an order of magnitude lower than that
previously used in the similar systems without backing mirrors.
Moreover, by comprehensively using the plasmonic property of
the gold ground plane, we demonstrate that a pair of Si cuboids
with well-tailored geometries can enable directional
excitation of surface plasmon (SP) waves in such meta-optical
systems. It should be noted that a recent work reported a broad-
band giant refractive index (>26) at visible frequencies [32],
indicating the promising potential of meta-optical systems to-
ward realizing Mie-resonance-based light manipulation. Our
study is motivated by the previously reported all-dielectric optical
metasurfaces whose responses are limited by the moderate refrac-
tive index of dielectric materials; accordingly, the systems pro-
posed here are distinct from the recently demonstrated
metamaterial mirrors [33–35].

2. META-OPTICS BASED ON Si RESONATORS
ON A PLASMONIC SUBSTRATE

Critical coupling may allow photonic crystal systems to absorb
all incident power and exhibit a vanished reflection coefficient,
corresponding to the so-called perfect absorber phenomenon.
In previous studies, dielectric Bragg mirrors were proposed to
enable the coherent cancellation of the guided resonance, and a
lossy but highly transparent thin film (e.g., graphene) was em-
ployed to control the intrinsic loss rate of the system [25]. In
fact, noble metals in the form of an optically thick film are
promising candidates for the requisite substrate that can simul-
taneously support high reflection and a loss mechanism.
Figure 1(a) presents a schematic of the unit cell of the proposed
critical coupling metasurface, i.e., a periodic Si nanodisk array
backed by an Au substrate. Hydrogenated amorphous silicon
(a-Si:H) was adopted because of its remarkably large nonline-
arity and ultrafast carrier dynamics. It should be noted that per-
fect absorbers based on ceramic particles [36] and hyperbolic
structures [37] on metallic substrates were previously reported
at microwave and mid-IR frequencies, respectively. We empha-
size that the proposed metasurfaces display two distinct features
from these reported systems. First, Si has extremely low loss at
infrared wavelengths, which allows for high-Q-factor guided
resonances, while the intrinsic loss rate of the system is
primarily determined by the plasmonic substrate. Second,
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the plasmonic property of the Au substrate not only assists the
critical coupling at the dielectric/metal interface but also offers a
unique opportunity to couple free-space radiation to surface
plasmon polaritons (SPPs). Jointly, these characteristics differ-
entiate our system from all previously reported meta-optical
systems [38,39] that involve no surface plasmon effects.

Given the coexistence of Mie resonances and SPPs, it is im-
portant to investigate the influence of structural factors on the
guided resonance properties. On the other hand, Si metasur-
faces are known to exhibit array size-dependent responses
[40]. Consequently, as illustrated in Fig. 1(b), we numerically
examine the resonant properties of the proposed metasurfaces
as a function of the array dimensions. The metasurfaces are il-
luminated by a linearly polarized plane wave propagating along
the −z direction, and, to quantitatively evaluate the Mie reso-
nance, a magnetic field probe is placed at the center of the cen-
tral element of each nanodisk array. Figure 1(c) shows the
magnitude of the magnetic field (jH j) obtained at the probe,
normalized to that of the incident field, for a series of metasur-
face array sizes (values of m ). That of a periodic structure
[Fig. 1(a)] is also included for comparison purposes. With
an increasing resonator array size, Fig. 1(c) suggests a clear evo-
lution of the magnetic resonance-based coupling between in-
cident light and the Si resonators. The corresponding
extracted Q-factors and the maximum field enhancement fac-
tor (jH jmax) as functions of m are shown in Fig. 1(d), in
which an unambiguous increasing trend can be identified.

In particular, the Q-factor and the jH jmax reach ∼180 and
∼49, respectively, for a periodic structure, compared with
the corresponding values of ∼26 and ∼14 when the system
contains only a single Si nanodisk (m � 1). On the other hand,
as indicated by the dispersion of jH j [Fig. 1(c)], the Mie res-
onance of the nanodisks only experiences a slight frequency
change with varying values of m [see gray dashed line in
Fig. 1(c)], indicating that the observed coupling is primarily
determined by the intrinsic properties of the meta-optical sys-
tem. The slight change in the resonance frequency is attributed
to the discontinuity at the edges of the array, while, as the array
size increases, the response of the finite structure converges to-
ward that of the periodic structure. Figures 1(e)–1(h) depict the
normalized magnetic field distribution and electric field vectors
on a plane cutting through the central element of each nano-
disk array, for the cases ofm � 1, 9, and 15 as well as a periodic
structure. A displacement current loop indicated by the circu-
lating electric field vectors and the significantly enhanced mag-
netic field on the upper side of the resonator can be clearly
observed in each plot. In particular, the field distribution profile
that is less contingent on the array size further reveals the in-
trinsic resonant characteristics of the proposed metasurface. It is
also obvious that stronger field confinement and enhancement
can be achieved as the size of the nanodisk array increases. We
note that the field enhancement observed in Fig. 1(h) is approx-
imately one order of magnitude stronger than that identified in
metasurfaces based on Si resonators on top of a dielectric

Fig. 1. Meta-optics based on Si resonators on a plasmonic substrate. (a) Illustration of a unit cell of the metasurface consisting of an array of a-Si:H
nanodisks on top of an optically thick Au ground plane. Geometrical parameters: P � 720 nm, D � 450 nm, and h � 385 nm. (b) Schematic of
the proposed meta-optical systems with finite array size, in which square arrays having m × m a-Si:H nanodisk elements are located on top of an
infinite Au substrate. (c) Calculated magnetic field (jH j) obtained from a magnetic probe located at the center of the central resonator for a series of
array sizes used in numerical simulations. The gray dashed line is used to guide the eye. (d)Q-factor and the maximum enhancement factor jH jmax as
functions of the array size. The corresponding values in the periodic case are illustrated as well. (e)–(h) Calculated magnetic field and electric field
vector distribution in the y–z plane, in the case of m � 1, 9, and 15 as well as the periodic structure at the peak frequency identified in (c).
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(e.g., glass) substrate. These unique properties may allow the
proposed system to enable a variety of functionalities based
on the concept of meta-optics. To highlight the novel role
of interference-enhanced magnetism in reshaping meta-optics,
hereinafter we present two proof-of-concept demonstrations.

3. ULTRAFAST NANOPHOTONICS ENABLED BY
GUIDED MAGNETIC MIE RESONANCES

Developing nanophotonic systems that can be tuned in an ac-
tive manner is an intriguing direction for research and develop-
ment of optical devices. Among the variety of different types of
active nanophotonic devices, optical modulators have attracted
a considerable amount of attention due to their importance in
nano-optics. However, the performance of conventional mod-
ulators, either the absorptive type or refractive type, is limited
by the moderate optical property change in the active materials.
Consequently, two primary strategies have been successfully
employed to maximize the tunability: (1) accumulating the
tuning by allowing longer propagation lengths of light in ex-
tended structures, such as optical waveguides, and (2) creating
high Q-factor resonating structures, such as micro-ring resona-
tors, to increase the modulation sensitivity but at the expense of
an increase in the overall footprint of the systems.

Recent studies have presented approaches to exploit the op-
portunities that dielectric metasurfaces offer for nonlinear
nanophotonics arising from the nonlinear dynamic processes
in dielectric meta-atoms [39,41–43]. By exploiting the Mie-
resonance-enhanced two-photon absorption (TPA), Shcher-
bakov et al. have demonstrated a 65 fs transmission switching
with a modulation depth of 1% at visible frequencies in Si
nanodisk arrays by performing pump–probe experiments
[39]. Employing the second primary strategy discussed above,
Yang et al. created high Q-factor resonances in a Fano-resonant
metasurface that exhibit a sharp linear transmittance spectrum
and have demonstrated a transmission modulation depth up to
36% [41]. To enable the “bright” and “dark” modes as well as

their coupling, each unit cell in this study includes a bar res-
onator and a disk resonator, inevitably resulting in a reduced
design flexibility.

On the other hand, numerical simulations implementing
periodic boundary conditions can provide an effective means
for analyzing the linear response and optical nonlinearities of
Si metasurfaces. Recently, Della Valle et al. developed a theo-
retical model that can describe the dynamic processes in a-Si:H
metasurfaces by accurately reproducing all the features observed
in the pump–probe experiments [38]. Importantly, by fully
considering the three mechanisms that dominate the nonlinear
dynamics of a-Si:H nanostructures (i.e., instantaneous TPA,
free-carrier generation and relaxation, and lattice heating) and
coupling them together by a system of rate equations, this theo-
retical model can accurately describe the transient permittivity
change Δε of Si. Then, using this dynamic transient permit-
tivity, the authors showed that the transient optical response
(transmission/reflection, etc.) can be calculated as a perturba-
tion of linear numerical simulations. The TPA leads to a purely
imaginary instantaneous change in the permittivity, while the
free-carrier generation due to linear or nonlinear absorption
processes results in a transient Drude plasma permittivity, and
the lattice heating effect induces a thermo-optical modulation.
This model provides a powerful tool for understanding and
quantitatively predicting the ultrafast modulations of Si meta-
devices based on all-optical excitations. Here, by employing full-
wave simulations and using the model presented in Ref. [38], we
investigate the linear and nonlinear responses of the proposed
meta-optical systems. In our modeling, we have adopted the
measured amorphous silicon property reported in Ref. [39]
and the corresponding nonlinear coefficients used in Ref. [38].

As the schematic in Fig. 2(a) shows, a plane wave at normal
incidence is used as the probe light, and laser pulses at 800 nm,
with a pulse duration of 100 fs, are applied as the excitation
source for the nonlinear dynamics analyses presented herein.
The simulated linear reflectance (R) [absorption (A � 1 − R,
since T � 0)] spectrum is shown in the inset of Fig. 2(b),

Fig. 2. All-optical ultrafast modulation enabled by critical coupling with the guided resonance of meta-optical systems. (a) Schematic of the unit
cell used in numerical simulations. The geometrical parameters are the same as those used in Fig. 1(a). The ultrafast nonlinear responses of the
proposed metasurface are obtained by implementing the theoretical model presented in Ref. [38]. (b) Transient absolute reflectance modulation
(ΔR) under pumping at an 800 nm wavelength with a pump fluence of 0.1 mJ∕cm2. The pump intensity is 10% of that used in Ref. [38]. For
clarity, the results around the resonance are enlarged and shown on the right (dashed-green box). The simulated static reflectance and absorption
spectra are shown in the inset. (c) Relative differential reflectance (ΔR∕R) at a few wavelengths of interest near the resonance.

Research Article Vol. 7, No. 11 / November 2019 / Photonics Research 1299



in which a sharp dip with minimum R of ∼0 is identified
around a wavelength of 1500 nm. Originating from the criti-
cal coupling with a guided resonance of the Si metasurface,
these resonance characteristics in the linear regime imply
the existence of an in-depth all-optical modulation at low
pump intensity. Consequently, assuming a pump fluence
F � 0.1 mJ∕cm2, which is 10% of that used in Ref. [38],
we numerically investigate the nonlinear dynamics of the pro-
posed meta-optical system. The simulated reflectance modula-
tion (ΔR) as a function of probe wavelength and time delay
between the pump and probe pulses is shown in Fig. 2(b).
A maximum ΔR of −0.1 and 0.1 is, respectively, identified on
the two sides of the resonance around 1505 nm, which can be
more clearly seen in the enlarged plot shown on the right.
Moreover, in Fig. 2(c), we show the transient traces of the dif-
ferential reflectance (ΔR∕R) at a few wavelengths of interest
near the resonance. A positive (negative) transient modulation
with maximum modulation depth >70% (>−60%) is identi-
fied at the longer-wavelength (shorter-wavelength) side of the
resonance. In addition, these observed transient responses re-
veal a rise time of ∼100 fs and a decay time constant of ∼15 ps.
It has been shown that the former is determined by the pump
pulse’s duration, while the latter primarily depends on the
carrier relaxation process in a-Si:H and its complicated inter-
action with the lattice heating effect [38,39]. Arising from the
critical coupling-enabled near-zero reflectance, a ΔR∕R as high
as 500% was also found at the resonance wavelength (not
shown), with a concomitant significant increase in decay time,
which is, however, undesired for applications based on ultrafast
optics. It should be noted that, because of the low optical ex-
citation fluence assumed in our studies, the changes in optical
properties of the Si resonator are rather moderate, indicating
the excellent ultrafast modulation sensitivity of the proposed
meta-optical systems.

Given the fact that Mie-resonance-based metasurfaces
exhibit great flexibility in tailoring their resonance properties
by varying the dielectric resonator geometries, it is straightfor-
ward to extend the ultrafast modulation behavior shown in
Fig. 2 to systems with more complicated responses in the linear
regime for sophisticated nonlinearity. For instance, simply
changing the geometrical symmetry of the resonators may
enable polarization-dependent and/or multiband linear and
nonlinear responses. As the schematic in Fig. 3(a) shows, we
consider a metasurface consisting of an array of Si nanodisks
with an elliptical cross-section on top of an Au backplane. The
inset of Fig. 3(b) shows that the long axis of the nanodisks is
aligned along α � 45°. As shown in Fig. 3(b), for a y-polarized
normally incident wave, two dips are identified in the linear co-
polarized (Ryy) reflectance spectrum at wavelengths around
1530 and 1550 nm. Furthermore, due to the cross-polarization
coupling effect originating from the geometrical anisotropy of
the nanodisks, two peaks are seen to be present in the Rxy re-
flectance spectrum. The dynamics of the cross-polarized com-
ponent, which may lead to distinct transient characteristics, can
be exploited to enrich the variety of nonlinear phenomena that
can be observed in the proposed metasurfaces. To confirm the
origin of the two resonance modes, distributions of the mag-
netic field and its vector plots cutting through the middle of the

Si nanodisk are shown in Fig. 2(b). Two resonances that clearly
originate from the geometric anisotropy of the structure are
identified along with field enhancement factors that are as large
as 30 times.

By assuming the same pump fluence used to generate the
results shown in Fig. 2, we investigate the nonlinear dynamics
of this elliptical Si nanodisk based metasurface for both the co-
and cross-polarized field components. Figure 3(c) illustrates the
simulated reflectance modulation for the co-polarized compo-
nent ΔRyy. Two obvious wavelength regions with considerable
modulation in absolute reflectance are observed. As shown in
Fig. 3(d), a positive ultrafast modulation with a maximum
modulation depth greater than 6% and 5% is identified at
1531 and 1558 nm, respectively, while a negative transient
modulation greater than −6% is found at 1526 and 1550 nm.
As shown in Fig. 3(e), remarkably large modulation can be
achieved at wavelengths (e.g., 1528 and 1554 nm) closer to the
linear resonances. Despite the long recovery time, indicated by
a long-duration plateau [Fig. 3(e)], the observed ultrafast dy-
namics indicate a transient modulation in the sub-picosecond
regime, which can be attributed to the instantaneous TPA pro-
cess [38]. These observations agree well with the experiments
shown in Ref. [39]. Figure 3(f ) depicts the nonlinear dynamics
ofΔRxy, in which two bands with negative absolute modulation
as large as −0.05 are seen. This negative modulation (ΔRxy < 0)
results from the permittivity change of Si under low-power ex-
citation. Figure 3(g) further illustrates the transient traces at a
few wavelengths around the two resonance modes. A compari-
son with Fig. 2(b) shows that the nonlinear characteristics of
the elliptical Si nanodisk metasurfaces, including the dual-band
response and polarization sensitivity, are particularly attractive
for power-efficient ultrafast nanophotonics.

4. MAGNETIC MIE RESONANCE BASED
DIRECTIONAL EXCITATION OF SURFACE
PLASMON WAVES

SP waves are, in general, referred to as electromagnetic waves
propagating along a metal-dielectric interface. Due to their
unique characteristics, including subwavelength confinement
and field enhancement, SPPs show great potential for applica-
tions in various photonic devices, such as all-optical integrated
circuits and chemo- and bio-sensors. Due to the momentum
mismatching between the free-space photons and SPPs, a vari-
ety of approaches have been utilized to provide the necessary
momentum conservation required for SPP excitation. Given
the rather limited propagation length of SP waves due to the
loss of metals, efficient schemes for the excitation of SPPs are
of critical importance in nano-optics. It has been demonstrated
that the directional excitation of SPPs can potentially enable
controllable scattering, interference, and localization of SPPs
for numerous applications associated with 2D optics, providing
more degrees of freedom for the design and exploitation of
plasmonic devices.

To overcome the disadvantages of conventional couplers
such as their large footprints, SPP couplers based on nanostruc-
tures on a metal surface have been studied intensively [44–47].
In particular, to excite directional SPP waves, two primary
strategies have been employed: (1) illuminating the symmetric
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nanostructures (e.g., nanowires and nanoslits) with obliquely
incident light, and (2) creating in-plane asymmetric nanostruc-
tures. Although for both strategies the directional excitation can
be attributed to the symmetry breaking of the excitation
systems, the latter is more attractive due to its capability of cou-
pling normally incident light to SPPs. As an alternative to the
nanostructure-based scattering-enabled momentum matching,
Liu et al. demonstrated efficient directional SPP generation
based on a pair of plasmonic magnetic antennas [48].
However, the plasmonic property of the metallic nanoantennas
inevitably causes high Ohmic loss at the resonance wavelengths.

Figures 1(c) and 1(e) show that a strong magnetic resonance
can be achieved within an isolated Si resonator located on top
of a gold substrate, indicating the potential use of high-index
resonators for enabling ultracompact SPP couplers. As the sche-
matic in Fig. 4(a) illustrates, we first study a system with an
individual cuboid-shaped Si resonator on top of an optically
thick gold substrate. The presence of the gold substrate
not only facilitates the enhanced optical magnetism in the
high-index resonator but also simultaneously provides the

metal–dielectric interface that supports the propagation of
SPPs. Besides its ability to improve the SPP excitation
efficiency, the cuboid resonator was adopted to simultaneously
enable polarization selectivity under normal incidence
conditions. For the system illustrated in Fig. 4(a), symmetric
bi-directional SPP generation is expected. To analyze the cor-
relation between the magnetic resonance of the cuboid and the
SPP excitation, a magnetic field (H -field) probe is placed in the
geometric center of the cuboid, while an electric field (E -field)
probe is set to be 5 μm away from the resonator (10 nm above
the gold substrate) to monitor the generated SPPs. It should be
noted that the use of an E -field probe that is far enough from
the resonator allows for the detection of the z-component of
the electric field (Ez) resulting from the excited SPP, excluding
both the scattering effect in the near field of the resonator and
the field associated with the (y-polarized) incident wave.

Figures 4(b) and 4(c) depict Ez and Hx at the E-field and
H -field probes, respectively, when a cuboid resonator of
distinct lateral dimensions (Cuboid A and Cuboid B) is excited
by a plane wave of magnitude E0 � 1 V∕m. The same height

Fig. 3. Polarization sensitive ultrafast modulation based on Si nanodisks with an elliptical cross-section. (a) Schematic of the unit cell used in
numerical simulations. The major and minor axes of the elliptical cross-section are 500 and 450 nm, respectively. (b) The cross- and co-polarization
reflectance spectra when the metasurface is illuminated by a y-polarized wave. Inset indicates the orientation of the Si nanodisk in the x–y plane.
Calculated magnetic field (normalized to that of the incident wave) and its vector distribution in a plane cut across the middle of the resonator at the
two resonance wavelengths (bottom). Transient absolute reflectance modulation for (c) the co-polarization reflected wave (ΔRyy) and (f ) the
cross-polarization reflected wave (ΔRxy) under pumping at an 800 nm wavelength with a pump fluence of 0.1 mJ∕cm2. Relative differential
reflectance (d), (e) (ΔRyy∕Ryy) and (g) (ΔRxy∕Rxy) at a few wavelengths of interest.
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[h � 280 nm in the inset of Fig. 4(a)] was assigned to both
cuboids to ensure that the designs can be fabricated. For either
resonator, the dispersions of both Ez [Fig. 4(b)] and jHx j
[Fig. 4(c)] peak at the same wavelength (i.e., ∼1400 nm for
Cuboid A and ∼1600 nm for Cuboid B), which unambigu-
ously indicates the correlation between the Mie magnetic reso-
nance and the SPP excitation in the system. Given the fact that
the relative phase difference between two couplers primarily de-
termines the potential directional excitation of SPP, it is of more
interest to examine the phase information of the Mie resonance
obtained at the H -field probe [Fig. 4(d)]. A continuous phase
difference with a maximum value greater than π∕2 is identified
in the wavelength range of interest, revealing the potential of the
proposed meta-optical system with two Si cuboids for direc-
tional SPP excitations. For comparison purposes, results of
the system with an isolated glass (n � 1.5) cuboid of the same
dimensions on a gold substrate are also shown as the dashed
curves in Figs. 4(b)–4(d). Only rather weak SPPs can be excited;
more importantly, adjustment of the glass cuboids’ dimensions
makes almost no difference in the excitation behavior of the sys-
tem [Figs. 4(c) and 4(d)]. This results from the fact that the
examined glass cuboids cannot support magnetic Mie resonan-
ces in the wavelength range of interest, which offers an impor-
tant perspective on the contribution of the optical magnetism in
the proposed SPP couplers.

To better understand the coupling mechanism behind the
observed SPP generation, calculated magnetic field (jH j)
distributions corresponding to the two single-resonator systems
at the resonance wavelengths (1418 and 1608 nm) are shown in

Figs. 4(e) and 4(f ), respectively. A significantly enhanced mag-
netic field is found at the Si-gold interface within the resonator,
indicating the presence of strongly confined fields due to the
interference-enhanced Mie resonance. Moreover, arising from
the induced circular displacement current, the magnetic Mie
resonance naturally leads to an antiparallel Ez distribution at
the two opposite sides of the cuboid, enabling SPP generation
along the �y directions with a π phase difference. Figure 4(g)
presents the at-resonance electric field distribution [Re�Ez�] of
the Cuboid A coupling system in a plane 10 nm above the gold
substrate, while that of the Cuboid B case is shown in Fig. 4(h).
Clearly, SP waves primarily propagating along the �y direc-
tions are generated in both systems with a similar coupling
efficiency, suggesting that a meta-optical system consisting of
a pair of cuboids may be used to generate directional SPPs
in a highly efficient manner.

Figure 5(a) shows the schematic of a directional coupler for
SPPs based on the property of enhanced Mie resonance. Two Si
cuboids with distinct dimensions (Cuboid A and Cuboid B) are
used to break the symmetry and achieve directional generation
of SPPs for normal incidence. Besides the intrinsic Mie reso-
nance characteristics of each resonator, the relative distance (Dis)
between the two cuboids has significant influence on the direc-
tional excitation of SP waves. The underlying mechanism in-
volves two main factors: (1) the mutual coupling between the
two resonators, especially when they are close to each other, and
(2) the interference between the SPPs generated by each cuboid.
The latter mechanism has been proposed to explain the direc-
tional SPP excitation in nano-slit systems [45]. To analyze

Fig. 4. Exploiting the magnetic response in individual high-index resonators for excitation of SPPs. (a) Schematic of the meta-optical system that
includes a Si cuboid located on a gold substrate. Around the magnetic Mie resonance of the resonator, SPPs primarily propagating along the�y and
−y directions will be excited on the surface of the gold substrate. A y-polarized plane wave normally illuminates the resonator from the top.
A magnetic (H ) field probe is placed in the center of the cuboid, and an electric field probe is placed 10 nm above the gold surface at
y � 5 μm. (b) Magnitude of Ez detected at the E-field probe and (c) magnitude and (d) phase of Hx detected at the H -field probe, when
the SP wave is excited by a Si cuboid of two distinct geometries (Cuboid A: l � 400 nm, w � 200 nm; Cuboid B: l � 480 nm,
w � 240 nm). For comparison purposes, the results based on a glass cuboid of the same dimensions are shown in (b)–(d) as well (dashed curves).
(e), (f ) The magnetic field distribution for both excitation systems at a wavelength where jEz j peaks. The electric field distribution of SPPs excited
on the gold surface (g) by Cuboid A and (h) by Cuboid B.
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the SPPs excited at the air–gold interface, two electric field
probes (Probe 1 and Probe 2) are placed at a distance 5.0 μm
away from the geometric center of the cuboid pair. Figure 5(b)
shows the magnitude of jEz j detected at the two probes for a
series of Dis values. In the wavelength range of interest, the SPPs
detected at Probe 1 (solid curves) in general have greater ampli-
tude than those detected at Probe 2 (dashed curves). A close in-
spection reveals that the plots corresponding to Probe 2 show
one or two near-zero minimum values at certain wavelengths,
where jEz j at Probe 1 has a reasonably high value. To better
quantify the directionality of the generated SPPs, the ratio be-
tween the values of jEz j at Probe 1 and Probe 2 is illustrated in
Fig. 5(c). The jEz j ratio provides an unambiguous measure of the
directional excitation of SPPs at the air–gold interface, including
the directionality and dispersion achieved by the proposed sys-
tems. When Dis � 450 nm, a more than 30 times contrast
in terms of jEz j between SPP propagation along the −y and
�y directions can be observed. The observed directional excita-
tion of SP waves originates from the enhanced magnetic reso-
nance in the Si resonators (Fig. 4), which enables this effect
to occur over a relatively broad wavelength range. For instance,
using an jEz j ratio of 5 as a measure, the coupler with Dis of
450 nm enables directional SPP excitation in a wavelength range
from 1585 to 1677 nm. Furthermore, Fig. 5(c) also clearly reveals
that the wavelength of the directional excitation of SPPs can be
achieved by varying Dis, indicating the flexibility of the proposed
meta-optical system for customized directional SPP couplers.
This again verifies that the observed directional excitation of
SP waves is primarily determined by the interference between the
SPPs excited by both resonators. Accordingly, the pronounced
jEz j ratio occurs at the wavelengths where constructive and de-
constructive interference dominates the excitation of SPP waves
propagating in the −y and �y direction, respectively.

It is of great importance to examine the propagation of the
excited SPPs in the 2D (x–y) plane. Leakage radiation
microscopy and conoscopic detection were previously used

to experimentally observe the directional excitation of SPPs
at an air–gold interface [48]. Here, by evaluating jEz j2, which
is proportional to the power of the excited SPPs on an imagi-
nary circle (centered at the geometric center of the cuboid pair
and of radius of 10 μm), we obtain a more complete picture of
the directional excitation of SPPs in the meta-optical system.
Figure 5(d) shows the values obtained for jEz j2 on the imagi-
nary circle at a wavelength of 1636 nm, corresponding to the
jEz j ratio peak in Fig. 5(c) for the case of Dis � 450 nm.
Although the power distribution diverges on the lower half
circle, the components propagating primarily in the −y direc-
tion carry most of the power. In sharp contrast, almost no
power is delivered to the upper half circle. As illustrated in
Fig. 5(e), the directional propagation of an SPP wave is made
more evident from the electric field distribution [Re�Ez�] on a
plane 10 nm above the gold substrate. Figures 5(f )–5(h) show
the jEz j2 evaluation results for other values of Dis at the peak
wavelength(s) of the jEz j ratio in Fig. 5(c). For the case of
Dis � 600 nm [Fig. 5(f )], the SPPs excited at a shorter wave-
length (e.g., 1322 nm) are more divergent compared with those
at a longer wavelength (e.g., 1779 nm). A similar observation
can be made regarding Fig. 5(g) for the case of Dis � 750 nm.
This can be attributed to the fact that the Si cuboid pair is rel-
atively larger compared with the periodicity of the SPPs excited
at the shorter wavelengths, which, accordingly, enhances the in-
plane diffraction effects. Nevertheless, it can be seen that, in all
cases, most of the power of the excited SPPs is located on the
lower half of the imaginary circle, indicating that meta-optics-
based systems are an effective platform for directional excitation
of SPPs.

5. DISCUSSION

It should be noted that the three processes, i.e., TPA, free car-
rier generation, and the lattice heating effect that determine the
transient response of Si nanostructures, have distinct transient

Fig. 5. Directional excitation of SPPs using a pair of high-index resonators. (a) Schematic of the meta-optical system for directional generation of
SPPs. A y-polarized plane wave normally illuminates the resonators from the top. To monitor the excited SP waves, two electric field probes are
placed 10 nm above the gold surface at y � −5 and�5 μm, respectively. (b) jEz j detected at the two E-field probes and, (c) the corresponding ratio
between jEz j at the two probes (jEz jprobe1∕jEz jprobe2), when the two cuboids are separated by a series of distances (Dis). (d) jEz j2 distribution on an
imaginary circle (with a radius of 10 μm) at a wavelength of 1636 nm when Dis � 450 nm and (e) the corresponding electric field distribution of
SPPs excited on the gold surface. (f )–(h) jEz j2 distributions corresponding to the jEz j ratio peaks in (c) on the imaginary circle.

Research Article Vol. 7, No. 11 / November 2019 / Photonics Research 1303



characteristics. Particularly, the TPA is the fastest process of the
three, while the intrinsic carrier relaxation in a-Si:H is primarily
determined by the first-order trap-assisted process [43] and the
second-order bimolecular recombination rate [38]. The lattice
heating, which causes a thermo-optic effect, is generally the
slowest process and determines the falling time constant of
the nonlinear modulation. Accordingly, high-speed modulation
windows might be achieved through further optimization of
both the Si meta-atoms (such as the geometrical parameters
and their alignment) and the pump pulses (including the
wavelength, polarization, intensity, etc.) [38,39].

Besides enabling transient intensity tuning, dielectric reso-
nators have also been used to realize high-speed wavefront
manipulation based on reflection phase modulation at frequen-
cies of ∼10 kHz [49]. In the nonlinear regime, selective exci-
tations of electric and magnetic resonances in dielectric
nanostructures have recently been exploited for a variety of op-
tical nonlinearities [50–53]. Given the intriguing role that the
magnetic response plays in these studies, we envision that fur-
ther tailoring of the optical magnetism in high-index resonators
through interference engineering can provide more degrees of
freedom in the design of metasurfaces with customized
nonlinearity.

Although here we have limited our discussion mainly to
meta-optics-based systems that operate in the reflection mode,
the interference-enhanced magnetic Mie resonance can also be
explored for effective operation in the transmission mode. This
can be implemented by using a Bragg mirror whose reflection
and transmission bands can be custom-designed. Bragg mirror-
based meta-optical systems are expected to be particularly suit-
able for nonlinear generation. In particular, the metasurface can
be designed to enable interference-enhanced optical response at
fundamental wavelengths, while its influence on the resultant
enhanced harmonic generation (e.g., SHG, THG) can be en-
gineered independently. Given the fact that the reflection
behavior of the Ge resonator arrays at visible frequencies pri-
marily depends on the electric and magnetic dipole modes, we
envision that the use of interference-enhanced magnetism may
provide a pathway to achieving better color intensities.

6. CONCLUSION

In this work, we have revealed that optical magnetism in high-
index resonators can be significantly enhanced by adding a back
mirror to the system, with a concomitant increase in field con-
finement and enhancement. To highlight the transformative
advancements offered by the proposed mechanism in tailoring
the response of meta-optical systems, we present two proof-of-
concept demonstrations. In particular, using a theoretical
model to mimic the optical pump–probe experiments, we
study the ultrafast tuning of a Si nanodisk array on a gold
ground plane. Due to the critical coupling effect, more than
an order of magnitude stronger optical response modulation
was observed around the guided resonance wavelength in
the near-IR region, when the pump fluence is 10% of that used
in previous studies. This superior ultrafast tuning behavior orig-
inates from the interference-enhanced magnetic Mie resonance
of the Si nanodisk resonators. Furthermore, by exploiting the
Mie resonance of individual Si resonators located on top of a

gold film, we show that a pair of Si cuboids can serve as mag-
netic antennas for directional excitation of SPPs. The capability
of controlling both magnitude and phase of the excited SPPs
makes the high-index resonators a promising candidate for a
subwavelength and efficient SPP source, which is highly desired
in potential integrated plasmonic systems. Given the increasing
interest in man-made optical magnetism, we envision that ex-
ploitation of the proposed interference-enhanced magnetic Mie
resonance phenomenon will promote the development of
meta-optics in the linear and nonlinear regimes.
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