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We report on an experimental and computational (multipole decomposition) study of Fano
resonance modes in complementary near-IR plasmonic metamaterials. Resonance wavelengths and
linewidths can be controlled by changing the symmetry of the unit cell so as to manipulate the balance among multipole contributions. In the present case, geometrically inverting one half of a fourslot (paired asymmetric double bar) unit cell design changes the relative magnitude of magnetic
quadrupole and toroidal dipole contributions leading to the enhanced quality factor, figure of merit,
and spectral tuning of the plasmonic Fano resonance. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4997423]

Metamaterials have been a subject of intense interest
due to their ability to exhibit optical properties not commonly
found in natural materials. By suitably engineering the
size and geometry of metamaterials at the sub-wavelength
scale, researchers have been able to exploit and manipulate
electromagnetic waves to achieve various phenomena such as
invisibility cloaking,1–4 super lenses,5–8 electromagnetically
induced transparency,9–11 and high quality-factor Fano resonances,12–15 offering a rich variety of applications in photonics and optics. Specifically, a Fano resonance is a scattering
phenomenon resulting from destructive interference between
a continuum background and a resonant mode and is commonly recognized by its asymmetric lineshape. In 1935, Fano
was the first to theoretically formulate an equation which adequately provides an explanation of this unique and distinct
lineshape.16 In the field of plasmonic metamaterials, various
Fano resonant unit cell shapes and designs such as dolmen
structures,17–19 ring/disk nanocavities,20–23 heptamers,24–28
and notably split ring resonators29–33 have been explored in
great detail. An uncomplicated design composed of paired
asymmetric double bars (ADBs) has also been studied for its
Fano resonance34–39 and electromagnetically induced transparency properties.40–43 While computed charge distribution
and field vectors are typically used as a visual mechanism to
identify and attribute the origin of the Fano resonance in such
structures, there has been little focus on quantitative and qualitative analysis of the role of the multipoles that contribute
to the asymmetric line shape and the linewidth narrowing
of Fano resonances in complementary nanostructures (paired
asymmetric double slots in a thin plasmonic metal film).
Complementary nanostructures are interesting due to the
enhanced mode volume as a result of the tight confinement
of the electromagnetic fields in the narrow empty spaces of
the nanostructures (portions without metal). Since the mode
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volume is higher in these nanostructures, the interaction of the
Fano cavity with any other dynamic material medium would
be extremely strong. As such, the multipole expansion analysis
is applied to this simple design as an illustration of the way in
which it can enrich the understanding of symmetry-broken
metamaterials in complementary designs.
Here, we introduce a comparison between complementary nanostructures of paired ADBs in so-called “Fano” and
“iFano” configurations (iFano denoting a 180 inversion of
one ADB relative to the Fano geometry—as shown in Fig. 1)
and report that in the iFano configuration, a larger figure of
merit and quality factor can be achieved in the infrared
regime, as compared to the Fano configuration. Numerical
simulations attribute the origin of a broad dipolar resonance
to the electric dipole, and the asymmetric Fano lineshape is
a consequence of the electric dipole (E. dip) interacting with
the magnetic quadrupole (M. quad) and the toroidal dipole
(T. dip). Via a decomposition of the multipoles, we find that
the magnetic quadrupole competes on the same scale as the
toroidal dipole to narrow the linewidth of the resonance. In
addition, the iFano configuration offers a spectral shift without the need to alter the periodicity or dimensions of the unit
cell.
Figure 1(a) illustrates a generic unit cell of the metamaterial nanostructure used in the present study, which comprises
four slots (two complementary ADBs) in a thin gold film. In
the “Fano” configuration, the ADBs have the same orientation, while in the iFano configuration one ADB is rotated by
180 with respect to the other. The period of the unit cell is
fixed at px ¼ 1400 nm and py ¼ 700 nm, the long bar length is
fixed at l ¼ 420 nm, and the x-separation between ADBs
within the unit cell is fixed at g ¼ 80 nm. Within the double
bars, the long and short bars are separated by a distance
d ¼ 140 nm. The asymmetry of the nanostructures was controlled by varying the lengths of the short bar, from 420 nm to
100 nm. The asymmetry parameter is defined as the ratio of
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FIG. 1. (a) Dimensions of a single unit cell of paired ADBs in the iFano configuration. In experiment and numerical simulation, light is normally incident on the plane of the nanostructure with the electric field polarized along
the y-axis and magnetic field in the x-axis. Scanning electron microscope
(SEM) images of the complementary nanostructures in Fano (b, d) and
iFano (c, e) configurations with asymmetry parameters of 0.762 (b, c) and
0.286 (d, e). A perspective view of Fano (f) and iFano (g) configurations at
an oblique viewing angle of 52 is shown.

the difference between the length of the long (l) and short (s)
bars and the length of the long bar, a ¼ ls
l . Figures 1(b)–1(e)
show scanning electron microscopy (SEM) images of fabricated complementary Fano and corresponding iFano configurations for asymmetry parameters of 0.762 and 0.289,
respectively. Experimental samples were fabricated in a
40 nm gold thin film evaporated onto a quartz substrate at a
rate of 0.2 Å/s. Each array of complementary nanostructures
has the dimensions of 40 lm  40 lm and is fabricated by
focused-ion beam milling (FEI Helios Nanolab 650
DualBeam operating at 30 kV and 24 pA). The reflectance
spectra of fabricated nanostructures were measured using a
microspectrophotometer (Jasco MSV-5200) with y-polarized
incident light. Numerical simulations were carried out using
commercial finite-difference time-domain Maxwell solver
software (Lumerical FDTD) assuming plane wave illumination polarized in the y-direction. Periodic boundary conditions
were imposed in the x- and y-directions; perfectly matched
layers were set in the z-direction so that any incident waves
do not reflect at the boundaries but are strongly absorbed. The
optical constants of gold were taken from Johnson and
Christy,44 and the refractive index of the quartz substrate was
set to 1.5.
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Figures 2(a) and 2(b) show the reflectance spectra measured for y-polarized incident light propagating normal to
the plane of the nanostructures. They clearly illustrate that in
both configurations, the Fano resonance red-shifts with
decreasing asymmetry accompanied by linewidth narrowing.
For a pair of symmetric double bars in both configurations,
the resonance broadens and resembles a simple dipole resonance at around 1300 nm. In contrast, for non-zero asymmetry parameters, the broad dipolar resonance evolves into a
Fano resonance centred at around 1400 nm for the iFano configuration at the highest level of asymmetry (a ¼ 0.762) - a
wavelength that is markedly shorter than the resonance
wavelength of the Fano configuration, at around 1600 nm.
Numerically simulated reflectance spectra, shown in Figs.
2(c) and 2(d), are in excellent agreement with the experimentally observed optical response, with the slight discrepancies
in resonance wavelengths being attributed to imperfections
incurred during the fabrication process (i.e., deviations from
the ideal rectilinear geometry assumed in modelling) and differences in the optical constants of materials used in the simulations. It is evident from Figs. 2(e) and 2(f) that for a given
value of the asymmetry parameter, the linewidth of the
iFano configuration is narrower than the Fano configuration.
The blue-shift of the entire spectrum from the Fano configuration to iFano configuration is a result of a decrease in the
electromagnetic coupling between the in-plane modes of the
long bars in the latter case.45
Quality factors of the plasmonic system were evaluated
for both configurations at their respective resonances. The
quality (Q) factor is a dimensionless parameter which determines the extent of radiative and non-radiative losses in the
plasmonic resonator. It is calculated here as a ratio between
the resonance wavelength, k0 and the full-width at half maximum, dk of the resonance dip in the reflectance spectra,
k0
. A plasmonic system is less damped when the Q-facQ ¼ dk
tor is higher, and the system can store more energy. As
shown in Fig. 3, measured and simulated Q-factors for the
Fano configuration increase with decreasing asymmetry to
values of 34.9 and 45.7, respectively, at a ¼ 0.048. From
simulations, the Q-factor of the iFano configuration reaches
75.4 at a ¼ 0.048, a value more than 1.5 times (50%) larger
than the corresponding Fano configuration. However, at
these small values of the asymmetry parameter, experimental
Q-factors cannot be evaluated due to the weakness of the resonance, which appears as a shoulder as opposed to a defined
dip in the reflectance spectrum [Fig. 2(b)]. Another parameter which characterises the overall performance of the Fano
resonance is the figure of merit (FoM), defined as the product
of the Q-factor and the peak-to-peak resonant intensity.
The FoM parameter is crucial as it considers the trade-off
between the quality factor and the intensity of the Fano resonance. Typically, the Q factor of a Fano resonant system
decreases as the resonance intensity increases when the
asymmetry in the system is increased. From Fig. 3, the measured and simulated FoM in both configurations suggest that
the system has optimum performance near a ¼ 0.4 and 0.3,
respectively. We observe reasonable agreement between the
measured and simulated trends in both the Q-factor and FoM
of the Fano and iFano configurations.
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FIG. 2. Measured (a, b) and simulated
(c, d) reflectance spectra of the complementary Fano (a, c) and iFano (b, d)
configurations for a selection of asymmetry parameters. The dips of the Fano
resonances are marked with arrows in
the corresponding line colour. Colour
maps of simulated reflectance against
wavelength and asymmetry parameter
for the (e) Fano and (f) iFano configuration. In these figures, the black arrow
highlights, by way of example, the
linewidth of the Fano resonance for
a ¼ 0.524. The white dashed line illustrates the tuning extent of resonance
wavelength tuning over the range of
asymmetry parameters considered.

To better understand the nature of the optical responses
in different configurations and its influence on the linewidth
narrowing, numerical calculations were performed using a
multipole expansion of the electromagnetic fields. The

calculated induced current densities in the nanostructures
were used to compute the scattering power of several multipoles, which can be represented in the x, y, z Cartesian coordinate frame as follows:46–48

ð
1
Ja d 3 r;
ix
ð
1
ðr  JÞa d 3 r;
Magnetic dipole moment: Ma ¼
2c
ð

1 
ðr  JÞra  2r 2 Ja d 3 r;
Toroidal dipole moment: Ta ¼
10c

ð
1
2
Electric quadrupole moment: Qab ¼
r a Jb þ r b Ja  ðr  JÞdab d 3 r;
i2x
3
ð

1 
ðr  JÞa r b þ ðr  JÞb ra d 3 r;
Magnetic quadrupole moment: Mab ¼
3c
Electric dipole moment: Pa ¼

where c is the speed of light, J is the induced current density,
and a, b ¼ x, y, and z.
In both configurations, this analysis reveals that the
appearance of the broad resonance for paired symmetric
double bars can be attributed to an electric dipole which

oscillates in phase with incident electromagnetic waves. As
the length of the short bar starts to decrease, the symmetry of
the nanostructures is broken, resulting in the excitation of the
Fano resonance. In the asymmetric case, crucial higher-order
contributions come from the toroidal dipole and magnetic
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FIG. 3. (a) Measured and (b) simulated Q-factor and FoM of the complementary Fano and iFano configurations as functions of asymmetry
parameter.
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with the electric dipole to form an asymmetric Fano resonance. The consequence is the narrowing of the linewidth of
the resonance wavelength and a higher Q-factor obtained as
compared to the symmetric system.
A closer look at the total contributions of the scattering
power by the multipoles at resonance reveals that the sum of
the scattering power due to the electric dipole, magnetic
quadrupole, and toroidal dipole in the Fano configuration is
greater than that in the iFano configuration, as shown in Fig.
5(a). This accounts for the higher Q-factor observed for the
iFano configuration as compared to the Fano configuration.
To understand the individual roles of the toroidal dipole and
magnetic quadrupole, we evaluated the difference between
their scattering powers and found that for all values of the
asymmetry parameters, there is a larger difference in the
iFano configuration as compared to the Fano configuration.
In both configurations, as shown in Fig. 5(b), below an asymmetry parameter of a ¼ 0.35, the difference between the scattering powers of the toroidal dipole and magnetic quadrupole
starts to diverge. This corresponds to the point at which the
Q- factor in Fig. 3(b) increases more rapidly with the
decreasing asymmetry parameter in the iFano configuration
as compared to the Fano configuration. This indicates that
the response of the magnetic quadrupole dominates the toroidal dipole in the iFano configuration. In the Fano configuration, the toroidal dipole slowly suppresses the response of
the magnetic quadrupole and the difference starts to reduce.
As a result, we can conclude that with regards to the linewidth narrowing of the Fano resonance, the magnetic

quadrupole alongside the fundamental electric dipole as
illustrated in Fig. 4 (magnetic dipole and electric quadrupole
contributions by comparison are negligible). In general, the
electric dipole is highly radiative and couples easily with the
driving field. Although the electric dipole plays a determinative role in the appearance of the Fano resonance, the higherorder contributions of the toroidal dipole and the magnetic
quadrupole cannot be neglected. As the asymmetry between
the double bars is introduced in both configurations, there is
an increase in their contributions and together they interact

FIG. 4. The scattering power of the major contributing multipoles evaluated
from the induced current densities of a unit cell in Fano (dotted lines) and
iFano (solid lines) configurations for an asymmetry parameter of 0.289. The
magnetic dipole and electric quadrupole contributions are negligible and
therefore not shown.

FIG. 5. (a) The sum of the scattering powers of the major contributing multipoles evaluated from the induced current densities of a unit cell in the metamaterial and (b) The difference between scattering powers of the magnetic
quadrupole and the toroidal dipole, is evaluated at the resonance wavelength
(reflectance dip), as functions of asymmetry parameter for the Fano and
iFano configurations.
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quadrupole plays a significant role in the resonant line narrowing while the toroidal dipole competes with the magnetic
quadrupole to broaden the resonance in the complementary
paired ADBs system. With the iFano configuration, we can
increase the dominance of the magnetic quadrupole and narrow the linewidth to improve the Q-factor. Moreover, by
simply inverting one ADB in the paired ADB unit cell, it is
possible to blue-shift the near-infrared resonance by as much
as 200 nm (12.5%), providing for facile spectral tuning
without a change of structural dimensions.
In conclusion, multipolar decomposition provides an
informative and broadly applicable approach to the analysis
of resonant modes in complementary plasmonic metamaterial structures. For the complementary paired ADB metamaterial arrays presented in this work, such analysis
demonstrates that the optical response of the nanostructures
is mainly due to interactions between the electric dipole,
magnetic quadrupole, and the toroidal dipole. The plasmonic
systems in “Fano” and “iFano” configurations (“i” denoting
the geometric inversion of part of the unit cell) are similar
but for an iFano configuration, the contribution of the magnetic quadrupole is enhanced relative to the toroidal dipole,
which results in the linewidth narrowing of the Fano resonance. The achievable Q-factor in the iFano configuration is
enhanced by as much as 1.5 times compared to the Fano
configuration. Aside from enhancing the Q-factor, it is notable here that the inverted configuration also provides a mechanism to widen the tunability in the infrared spectral range
without a need to change the shape or dimensions of the
metamaterial unit cell—a behaviour that may be of particular
use in optical and bio-sensing applications.
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