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Abstract

In a laser-driven atomic quantum system, a continuous state
couples to a discrete state resulting in quantum interference
that provides a transmission peak within a broad absorption
profile the so-called electromagnetically induced transpar-
ency (EIT). In the field of plasmonic metamaterials, the sub-
wavelength metallic structures play a role similar to atoms in
nature. The interference of their near-field coupling at plas-
monic resonance leads to a plasmon induced transparency
(PIT) that is analogous to the EIT of atomic systems. A sensi-
tive control of the PIT is crucial to a range of potential appli-
cations such as slowing light and biosensor. So far, the PIT
phenomena often arise from the electric resonance, such as an
electric dipole state coupled to an electric quadrupole state.
Here we report the first three-dimensional photonic meta-
material consisting of an array of erected U-shape plasmonic
gold nanostructures that exhibits PIT phenomenon with mag-
netic dipolar interaction between magnetic metamolecules.
We further demonstrate using a numerical simulation that
the coupling between the different excited pathways at an
intermediate resonant wavelength allows for a © phase shift
resulting in a destructive interference. A classical RLC circuit
was also proposed to explain the coupling effects between the
bright and dark modes of EIT-like electromagnetic spectra.
This work paves a promising approach to achieve magnetic
plasmon devices.

Keywords: metamaterials; plasmon induced transparencys;
magnetic resonance.

Introduction

Plasmonic metamaterials are composed of artificial meta-
molecules exhibiting unusual optical properties such as nega-
tive refraction index [1, 2], and toroidal dipolar response [3, 4]
that can lead to applications that are otherwise unattainable in
nature, such as sub-diffraction imaging [5, 6], and optical and
spectrum manipulation [7-10]. These unique characteristics
also enable us to explore tunability and nonlinearity that either
do not exist in nature or are too weak for practical applica-
tions [11, 12]. The magnetic and electric responses of artificial
metamolecules play a similar role to those of atoms in electro-
magnetic media. Split ring resonators (SRRs), commonly
constructed building blocks of plasmonic metamaterials, have
been proposed to produce electric as well as magnetic dipolar
response [13—16]. The dipolar response of such SRR struc-
tures can be excited by an incident wave with either electric
field perpendicular to two prongs or the magnetic field pass-
ing through the gap of SRR [15]. While the electric dipolar
response can be readily explored, the magnetic counterpart has
proven to be much harder to excite because of the orientation
in induced magnetic dipoles of planar SRRs, which has largely
prevented a number of important applications that rely upon
magnetic interactions [17, 18]. This limitation can be over-
come with SRR structures arranged in a particular orientation
that enables magnetic dipolar interaction between neighboring
SRRs for a specific incident wave [14, 16, 19-21].
Electromagnetically induced transparency (EIT) is a quan-
tum interference effect in a material between two pathways
induced by two different incident lasers [22, 23]. By intro-
ducing a pumping laser to the material, the absorption intensity
of the probe laser can be dramatically reduced, producing a
controllable transparency window in electromagnetic spectra.
Many electromagnetic theorems and classical models such as
mass-spring systems and RLC circuits were used to analyze the
mechanism of EIT [24-27]. Such a phenomenon has also been
observed in plasmonic metamaterials where plasmon induced
transparency (PIT) works very similarly to that of EIT, except
that in the case of PIT, the mechanism is considered as the
plasmon coupling of the different pathways of metamolecules
between a bright element (radiative mode, which can couple to
incident light) and a dark element (subradiative mode, which
can hardly couple to incident light) which leads to sharp reso-
nance and suppresses the radiative loss [28]. Therefore, PIT
provides a promising pathway towards realizing of ultra-sen-
sitive biosensors [29, 30], slow light propagation [31, 32], and
nanoruler of sub-microstructures or bio-molecular [33, 34].
Up to now, due to fabrication limitation [35, 36], most plas-
monic metamaterials exhibiting PIT have been demonstrated
in planar or multi-layered structures by electric coupling
rather than by magnetic coupling [28, 30, 37-40]. Recently,
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a number of plasmonic structures with magnetic resonances
have also been proposed because of their potential advantages
[41, 42]. For example, Liu et al. demonstrated the propagation
of electromagnetic energy via magnetic plasmons is capable
of supporting low-loss propagation of plasmon modes [17,
43]. The utilization of magnetic coupling will provide an
additional degree of design freedom for plasmonic devices
based on magnetic plasmon material.

In this paper, we numerically and experimentally demon-
strate the first PIT phenomenon in three-dimensional U-shaped
SRR metamolecules in the optical region. The PIT is created by
the magnetic resonance where the dark mode is excited through
coupling with the bright mode via magnetic dipolar response
using the broken geometrical symmetry. The transmittance
intensity at the PIT peak can be controlled precisely with the
manipulation of structural symmetry. We find that the coupling
strength between the bright and dark modes has a direct relation-
ship with the degree and broadness of the transparency window
in transmittance spectra. Using numerical simulation, we dem-
onstrate the 7 phase shift between the different excitation paths,
providing a clear evidence of the destructive interference at the
PIT peak. Finally, we develop a coupled circuit to explain the
coupling strength between the different elements in a unit cell.

Materials and methods

Using the electron beam double exposure process with align-
ment technology [19], we fabricated three erected U-shaped
gold resonance rings in a unit cell covering a total area of
75x75 um? on fused silica. For precision alignment of the
e-beam double exposure process, two golden cross alignment
marks (size 9x150 pm) with 100 nm thickness were first fab-
ricated. A 200 nm-thick PMMA layer was spin-coated at 4000
rpm on fused silica wafer and then baked on a hot plate for 3
min at 180°C. The Espacer (Kokusai Eisei Co., Showa Denso
Group, Japan) is spin-coated at 1500 rpm over the PMMA
layer. Espacer is an organic polymer which can eliminate the
static charging problem during the e-beam exposure process.
An ELS-7000 electron beam lithography system (Elionix Inc.,
Tokyo, Japan) at the acceleration voltage of 100 keV with 30
picoamp (pA) of current is used for exposure. The bottom
rods of erected SRR structures were defined in positive resist
(495k PMMA) after the first e-beam exposure and lift-off pro-
cess. Subsequently, the two prongs of erected SRR structure
are made by second e-beam exposure and lift-off process.

All of the transmittance spectra were measured using the
VERTEX 70 Fourier-transform infared spectrometer (Bruker
Co., Ettlingen, Germany) with a Bruker HYPERION 1000
infrared microscope (15x Cassegrain objective, numerical
aperture NA=0.4, near-infrared polarizer, and an InGaAs
detector). An iris was used to collect the incident light to a
square area of about 75x75 wm?>

Results and discussions

The geometries of a three-dimensional plasmonic meta-
molecule are illustrated in Figure 1A along with the
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Figure 1 (A) Schematic diagram of a single SRR metamolecule
unit cell. Each unit cell consisted of three erected gold SRRs with
600 nm period in both x and y directions. The optical properties of
such metamolecule are studied in the case of y-polarized illumina-
tion. (B) Top view of the metamolecule with G is 30 nm and defini-
tion of the displacement parameter D. (C) The feature size of a single
SRR structure: H,=30 nm, H,=80 nm, W=60 nm and L=180 nm,
respectively. (D) Oblique view of SEM image of the fabricated meta-
molecules array while distance parameter D is 30 nm. Insets: zoom in
image. The scale bar is 1 um.

polarization state of an incident light. The metamolecule (unit
cell) consists of three erected U-shaped gold split-ring resona-
tors, including one in the middle along the vertical direction
(VSRR) and a pair on the side along the horizontal direction
(HSRR). The gap G between the VSRR and HSRR is fixed at
30 nm and the lateral displacement between the central axes
of VSRR and HSRR pair is defined as D (see Figure 1B).
The feature sizes of each single SRR structure is presented in
Figure 1C. The VSRR, supports a bright mode whose mag-
netic resonance can be excited by a normal incident light



P.C. Wu et al.: Magnetic plasmon induced transparency in three-dimensional metamolecules 133

with electric field polarization along the y direction. Owing
to the strong coupling between the incident light and VSRR,
the bright mode suffers a significant far field scattering loss.
On the contrary, the HSRR pair supporting only dark modes
can be viewed as non-radiative elements because of its much
weaker coupling with the incident light. The coupling effect
between the incident light, VSRR and HSRR can be studied
by introducing asymmetry between the SRRs with the tuning
of the displacement parameter D.

In order to investigate the coupling effects between VSRR
and HSRRs, we fabricated three different kinds of meta-
molecules corresponding to displacement parameters D=0
nm, 30 nm, and 60 nm. Figure 1D presents oblique views in
the case of D=30 nm, showing the accurate alignment for the
fabrication process (the misalignment is controlled to within
10 nm). To experimentally investigate the optical proper-
ties of these PIT metamolecules, near-infrared transmittance
spectra are measured by Fourier-transform infrared spectrom-
eter in the case of normal illumination with the magnetic field
passing through the gap of middle SRR. The measured trans-
mittance spectra are presented by colored curves in Figure 2.
In the case of D=0 nm (dark yellow line in Figure 2), a typi-
cal transmittance profile with a maximum power absorption
can be observed. The origin of this plasmonic resonance is
contributed by the magnetic resonance of VSRR (we will pre-
sent a more detailed analysis on this in the next section). By
introducing structural asymmetry with D=30 nm (blue line in
Figure 2), a transmittance peak appears within the resonance
profile of D=0 nm case as a result of the near-field coupling
between VSRR and HSRRs. Furthermore, the transmittance
peak becomes more pronounced for D=60 nm (orange line in
Figure 2).

Now, we present numerical simulation results for the vari-
ous coupling effects in the plasmonic metamolecule unit cells.
All of the simulation spectra and field distribution are carried
out by solving the three-dimensional Maxwell equation with
the commercial COMSOL Multiphysics software based on
the finite element method (FEM). A single metamolecule pat-
tern was simulated (with periodic boundary conditions) under
normal-incidence illumination by linearly-polarized light in
the wavelength range from 950 nm to 1750 nm. The refractive
index of fused silica wafer is fixed at 1.4584. The permittivity
of bulk gold in the near infrared regime is described by the
Drude-Lorentz model with plasmon frequency mp=8.997 eV
and damping constant I' =0.14 eV. The simulation results are
calculated using a damping constant that is two times larger
than the bulk value because of the surface defect scattering
and grain effects. Figure 3 shows the simulation transmittance
(Figure 3A), absorbance (Figure 3B) as a function of incident
wavelength, and the magnetic field intensity (Figure 3C) for
the three cases: D=0 nm, 30 nm and 60 nm. The absorbance
spectra were performed using A=1-7-R, where R is reflectance.
All the simulation results are in qualitative agreement with
our experiment, i.e. the structural asymmetry allows for the
excitation of the dark modes which are otherwise not allowed
to be excited, resulting in PIT spectra. The small difference
between our experimental and simulation results is likely to
arise from the deviation of fabricated patterns from that of
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Figure 2 The experimental transmittance spectra upon varying
distance parameter D. The evolution of the PIT features in the
electromagnetic spectra show a strong dependence on the distance
parameter. All the insets show the top-view SEM images of the
corresponding samples.

the simulation design as well as the fact that the sample sur-
face is not as smooth as the simulation condition. Therefore,
there is a slight difference compared with the simulation
(Figure 3A) and measured (Figure 2) transmittance spectra.
Similarly, in the case of D=0 nm, due to the plasmonic res-
onance of the VSRR at the middle of metamolecule unit cell,
a single transmittance dip can be observed. The plasmonic
resonance of VSRR shows a strong magnetic dipolar response
resulting from a ring-like current oscillation on the surface
of VSRR. The schematic of the magnetic field lines for the
induced magnetic dipole of VSRR is shown in the inset of
Figure 3A. In this case, the HSRRs cannot be excited either
by the y-polarized incident light or indirectly by the induced
magnetic dipole of VSRR, since the VSRR induced magnetic
field is parallel to the gap of HSRRs. By introducing structural
asymmetry with D=30 nm, a transmittance peak appears (see
the second row of Figure 3) within the resonance profile for
D=0 nm. It reveals that increasing structural asymmetry will
enhance the coupling effect between the VSRR and HSRR
pair. The structural asymmetry, allows for a component of the
magnetic field induced by the plasmonic resonance of VSRR
to pass through the gap of HSRRs. Subsequently, according
to Lenz’s law, an additional magnetic field will be induced in
the HSRR pair to oppose the change of magnetic flux going
through their gaps, resulting in the magnetic resonance of
HSRRs. It is worth mentioning that the VSRR induced curr-
ent oscillations in the two HSRRs are opposite (magnetic qua-
drupole) of each other (see the purple arrows of the direction
of magnetic field in Figure 3C). As a result, the HSRRs sup-
porting only dark modes exhibit a higher quality factor than
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Figure 3 (A) Simulation transmittance spectra for y-polarized illumination in the case of D=0 nm, 30 nm, and 60 nm, respectively. The
inset shows the schematic magnetic field lines of an induced magnetic dipole of VSRR. (B) Simulation absorbance spectra for y-polarized
illumination in the case of D=0 nm, 30 nm, and 60 nm, respectively. The red-dotted lines represent the fitting curves calculated from Eq. (5).
(C) Simulation results of magnetic field intensity in arbitrary units (color-coded) and direction of magnetic field (purple arrows) in different
distance parameter D.

that of VSRR (bright mode) because the scattering power of
the induced magnetic dipoles in the HSRRs will cancel each
other out. The PIT phenomenon is very difficult to observe
without the high quality factor of the dark mode even when
the coupling between bright and dark modes is strong. The
high quality factor of the HSRRs contributes to the fact that
we were able to observe and simulate a sharp transmittance
peak for the case of D = 60 nm.

There are two different coupling pathways between inci-
dent light and our metamolecules. In order to investigate the
phase relation between two excited pathways, the oscillat-
ing magnitude of induced magnetic field for both VSRR and
HSRRs have been calculated and carried by FEM simulation.
Figure 4A shows the schematic diagram (top view) with the
direction of magnetic field Hx and Hy for D=60 nm. The magni-
tudes ofinduced magnetic fieldin x-component Hx (greenarrow
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Figure 4 (A) The schematic diagram of PIT structure in the case of D=60 nm and G=30 nm. The Hx response and Hy response are detected
at the middle point of resonant ring (position indicated by a green arrow and a red arrow). Real part of magnetic field components Hx and
Hy as a function of phase variation for incident wavelength (B) A=1285 nm (C) 1195 nm and (D) 1395 nm, respectively, extracted by FEM
simulation.
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in Figure 4A) and y-component Hy (red arrow in Figure 4A)
are extracted from the middle point of VSRR and HSRRs,
respectively. Figures 4B—D show the phase revolution corres-
ponding to Hx and Hy at wavelength A=1285 nm, 1195 nm
and 1395 nm, respectively. We find a 90° phase shift between
the induced magnetic field of VSRR with respect to that of
HSRR at wavelength A=1285 nm (Figure 4B). We define the
oscillating phase at the first excitation pathway (|Incident
light)—|VSRR)) to be zero due to the excitation of VSRR
under normal illumination. Because of the near-field coupling
between VSRR and HSRRs, the second excitation pathway
(\Incident light)—|VSRR)—|HSRRs)—|VSRR)) experiences a
180° phase delay as the excited HSRRs couples energy back
to the VSRR resulting from m/2 phase shift between VSRR
and HSRRs. As a result, a 180° phase shift between the first
and second pathway leads to the destructive interference that
results in a transmission peak at wavelength A=1285 nm,
similar to the EIT phenomenon in atomic physics [23]. On the
other hand, the phase shift between VSRR and HSRRs is 140°
and 30° at wavelength A=1195 nm and 1395 nm, respectively,
as shown in Figures 4C and 4D. It reveals that the transmitt-
ance spectra exhibit visible dips rather than peaks without a
180° phase shift between two excited pathways.

For investigating the contribution of magnetic and magneto-
electric coupling effect between VSRR and HSRRs, the
enhancement of scattered power is calculated, as shown in
Figure 5. The magnitude of the scattered power of electric and
magnetic multipoles can be defined as [3, 4]:
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where c is the speed of light, j is the induced volume current
density and o, B = x, y, z. Subsequently, the scattered power
of the multipole moments is calculated from the induced cur-

rents [3, 4]:
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The larger scattered power enhancement indicates the
stronger allowance of exciting multipole while structural sym-
metry is broken. In Figure 5, the magnetic dipole as well as
the electric multipoles show weaker enhancement of scattered
power. On the contrary, the scattered power enhancement of
magnetic quadrupoles is much larger than that of the elec-
tric multipole as introducing the structural asymmetry. These
results indicate a magnetic quadrupole can actually be excited
in the absence of structural symmetry giving rise to the larger
scattered power of magnetic quadrupole. As a result, the mag-
netic dipole-quadrupole interaction plays a dominant role in
this PIT metamolecule.

To provide a quantitative analysis of the PIT phenomena,
we describe the coupling mechanism using a model of three
coupled RLC circuits (see Figure 6A). The VSRR is described
by the first circuit driven by V, (¢) = Ve which describes the
in-coupling effect of the incident light. The HSRRs, on the
other hand, can be excited via the induced magnetic field of
VSRR, thus the coupling mechanism between the first circuit
and other two circuits is accounted for as mutual inductance
M,, and M,,. With the identical geometric dimensions of the
three SRRs inside a metamolecule unit cell, their inductance
and capacitance are set as equal L,=L,=L.=L and C,=C,=
C,=C. The Lagrangian of the coupled circuit system can be
written as

L 2 A2 N2 1 2 2 2 1 32
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Figure 5 Ratio of scattered power by electric and magnetic multipoles with (A) D=30 nm and (B) D=60 nm related to D=0 nm.
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Figure 6 (A) Left: simulation result of magnetic field intensity (color-coded) and direction of magnetic field (purple arrows) in the case of
D=60 nm. Right: Corresponding RLC circuits employed to investigate the coupling strength between bright and dark elements. (B) Black
curve: transmittance intensity at PIT peak extracted by FEM simulation. Blue curve: fitting parameter  based on RLC circuits.

where, I(1)=dQ (t)/dt, where i=1, 2, 3 is the current flowing
in the circuit i. Substituting Eq. (6) to the Euler-Lagrangian

equations i B_F -a—r:O, (i=1, 2, 3), we obtain three
dr\ 900, ) 00,

coupled differential equations,
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Here, y=R/L (i=1, 2, 3) is the energy dissipation of each
circuit, w;=1/LC is the resonant frequency associated with
an isolated U-shaped SRR. Q =M, /L (i=2, 3) is the coeffi-
cient that describes the coupling intensity between the bright
(VSRR) and dark (HSRR) circuits. Because of the same ver-
tical distance between VSRR and each of the HSRRs, the
induced surface currents 7, and /, are identical, similarly,
Q =Q =Q. A detuning parameter 0 is introduced to take
into account of the resonant frequency shift as a result of the
weak near-field coupling between the HSRR pair. Due to the
opposing current flow in the HSRR pair, the damping factors
in HSRRs (y, and y,) should satisfy y =y <<y <<w,.

Subsequently, the energy dissipation as a function of fre-
quency can be obtained by solving the Eqgs. (7), (8) and (9):

2 Cr 2 2
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(10)

The results calculated using Eq. (10) are shown in Figure 3B
as red-dotted curves with o, y, and y, taken as fitting para-
meters to reproduce the simulation results where the detun-
ing parameter 0 is approximately 1.6 THz and y, and y, are
roughly 35.8 THz and 20.5 THz, respectively. These values
provide evidence to support our expectation of loss reduc-
tion in the HSRR pair because of the anti-parallel magnetic
dipoles induced in the pair.

For enhancing the near-field coupling between the VSRR
and HSRRs, the structural asymmetry must be introduced.
However, not only the near-field coupling but the lateral
distance between VSRR and HSRRs will be increased by
introducing the structural asymmetry. Due to the near-
field depending strength between plasmonic metamaterials
strongly depend on the distance between each other, there
will be a threshold of distance parameter D to generate the
largest transmittance intensity at PIT peak. It will provide
more practical applications based on the PIT characteriza-
tions so the evolution of PIT spectra can be better understood.
Therefore, in order to gain a deeper realization of the evolu-
tion of the PIT spectra, the PIT transmission intensity peak as
a function of the distance parameter D from 20 nm to 140 nm
is shown in Figure 6B (black curve with spherical dots) for
investigation. As expected, the intensity of transmittance peak
increases initially with D, because the asymmetry allowed for
coupling between VSRR and HSRRs. Further increase of D
beyond a critical point near 80 nm actually leads to a decrease
of the PIT transmittance because of the reduced coup-
ling strength as a result of the separation increase, which is
reflected by the coupling parameter €2 also shown in Figure 6B
(blue curve with spherical dots).

Conclusions

A plasmon induced transparency in three-dimensional photo-
nic metamolecules based on magnetic interaction has been
demonstrated and investigated in the optical region. The exci-
tation of such a magnetic quadrupole is a result of the funda-
mental electromagnetic theorem (Lenz’s law) which indicates
that it will induce a magnetic field to oppose the change in
magnetic flux. Because of the particular orientation of erected
U-shaped SRRs, the strong magnetic dipolar interaction
between them provides multiple pathways for near-field cou-
pling in plasmonic metamolecules by introducing structural
asymmetry. Using numerical simulation, we have proved
that destructive interference takes place between different
excited pathways of bright and dark elements which leads to
the observed PIT phenomenon. Furthermore, to generate the
maximum transmittance intensity in PIT spectra, the lateral
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distance between bright and dark modes is also a key factor
that needs to be considered carefully. Without the proper dis-
tance between bright and dark modes, the PIT phenomenon is
very difficult to observe even when the introducing structural
asymmetry is very strong. This study of optical properties
associated with magnetic resonance will provide important
insight towards practical applications using magnetic plas-
mon material [30, 31, 34, 44, 45].
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