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Abstract
Electromagnetic anapole mode is a nonradiative state of light originating from the
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deconstructive interference of radiation of the oscillating electric and toroidal dipole
moments. The high quality anapole-related resonances can be used in enhancing
nonlinear electromagnetic properties of materials and in sensor applications. In this
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work, we experimentally demonstrate plasmonic anapole metamaterial sensor of

environmental refractive index in the optical part of the spectrum. Our results show
that the sensor exhibits high sensitivity to the ambient refractive index at the level
of 330 nm/RIU and noise floor of 8.7 x 107 RIU. This work will pave the way for
applications of anapole metamaterials in biosensing and spectroscopy.
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Introduction
Refractive index sensing has attracted extensive attention due to a wide range of chemi-
cal and biomedical applications [1, 2]. In recent years, plasmonic metamaterials and
metasurfaces have emerged as powerful candidates for novel refractive index sensors
[3-7]. They possess preeminent capabilities of confining the electromagnetic field at
the nanoscale and enhancing the interactions between light and matter, providing high
sensitivity to the ambient refractive index variations [8, 9]. Propagating surface plasmon
polariton (SPP) and localized surface plasmon resonance (LSPR) are among the most
common plasmonic refractive index sensing techniques [10-12]. By carefully engineer-
ing and optimizing the nanostructure designs, performant plasmonic sensors with high
sensitivity, high figure-of-merit (FOM) and low detection limit have been achieved [13—
15]. Beyond this, the research attention has focused on the interplays between resonant
modes, such as Fano resonances and quasi-bound states in the continuum. Excellent
near-field enhancement and Q factor have been demonstrated, potentially enabling great
performance in label-free and real-time sensing applications [16-21].

Electromagnetic anapole mode is a nonradiative resonance that arises as a result of the
destructive interference between electric dipole (ED) and toroidal dipole (TD) moments

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creativecommons.org/licenses/by/4.0/.

A Springer Open


http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-5664-832X
http://orcid.org/0000-0001-8028-6130
http://orcid.org/0000-0001-7203-7222
http://orcid.org/0000-0002-6697-0398
http://orcid.org/0000-0002-9786-1485
http://orcid.org/0000-0002-1013-6636
http://orcid.org/0000-0002-0883-9906
http://crossmark.crossref.org/dialog/?doi=10.1186/s43074-022-00069-x&domain=pdf&date_stamp=2022-10-13

Yao et al. PhotoniX (2022) 3:23 Page 2 of 10

Fig. 1 (a) Schematic diagram of the proposed anapole metamaterial array for refractive index sensing. The inset
is the top-view scanning electron microscope image of the fabricated sample. The scale bar is 500 nm. (b) Sche-
matic depiction for the excited anapole mode, which originates from the destructive interference between electric
dipole (blue arrow) and toroidal dipole (red arrow with pink torus and green circulating magnetic field) moments
with the same intensity and opposite phase in the far-field [22, 23]. The anapole excita-
tion was first experimentally observed within engineered composite metallic metama-
terials at microwave frequency [24]. It was then extended to plasmonic and dielectric
metamaterials and metasurfaces in the infrared [25-28]. The generalizations of the elec-
tric anapole modes such as the high-order anapole states and the magnetic counterparts
have also been studied [29]. The defining nonradiating condition of the anapole relies on
the fine balance between the constituent electric dipole and toroidal dipole excitations.
Consequently, such excitations are expected to be highly sensitive to external perturba-
tions including variations in the ambient refractive index [30-32]. Compared with con-
ventional dipole modes with low transmission, anapole modes can acquire the effective
transmission channel due to the nonradiative property, which is beneficial to practical
low-loss sensors [25, 33]. Leveraging this intuition, various enhanced anapole modes and
their great sensing performance have been demonstrated in dielectric nanostructures
with high refractive index. In contrast, few studies have touched on plasmonic anapole
sensing so far, and the experimental demonstration of the plasmonic anapole metamate-
rial sensor remains unexplored in the optical part of the spectrum. [34—38].

In this work, we experimentally demonstrate plasmonic anapole sensor for refrac-
tive index sensing in the optical part of spectrum. By comparing the electromagnetic
responses of electric dipole and toroidal dipole, we investigate the physical mechanism
of the anapole excitation. Due to the effective coupling between two components, we
acquire a higher field enhancement and a narrower linewidth of the whole plasmonic
anapole metamaterial, which can improve the refractive index sensing performance.
We further numerically and experimentally demonstrate the high sensitivity of the plas-
monic refractive index sensor. Simultaneously, we demonstrate tuning of the anapole

resonance through control of the ambient refractive index.

Results and discussion

Figure 1a depicts the schematic diagram of the proposed plasmonic anapole metama-
terial, which consists of a planar array of vertical split-ring resonators suspended in a
spin on glass layer and covered with a dumbbell-perforated gold film. The perforations
(apertures) in the gold film are aligned to the vertical split-ring resonators. The inset of
Fig. 1a shows the top-view scanning electron microscope image of the fabricated sample.
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More details of the fabrication process and scanning electron microscope images can
be found in Methods and Supplementary Information. With normal x-polarized plane
wave illuminating, circulating currents (pink arrows) in two circular apertures and the
vertical split-ring resonator can be induced, which can generate the circulating magnetic
field (green arrow) and subsequently excite the x-directed toroidal dipole moments (red
arrow) [39, 40], as shown in Fig. 1b. The -x-directed electric dipole moments can also
be excited due to the charge oscillations at two central edges of the apertures. When
two dipole excitations possess the same intensity but are out of phase, the destructive
interference between them leads to the anapole mode, accompanied by the strong field
confinement and vanishing far-field radiation.

To elaborate on the physical mechanism of the plasmonic anapole metamaterial, we
first investigate its two components, the upper dumbbell-perforated gold film and the
lower vertical split-ring resonator, whose schematic diagrams of configuration are shown
in Fig. 2a and e, respectively. Figure 2b gives the transmission and reflection spectra of
the dumbbell-perforated gold film placed on the dielectric substrate. A transmission
peak of more than 90% can be observed at resonant wavelength 1 =1608 nm. According
to the multipole decomposition (see Supplementary Information for details) in Fig. 2c,
this resonant mode is mainly contributed by the electric dipole and toroidal dipole
moments, accompanied by a weak magnetic quadrupole (MQ) contribution. Although
electric dipole and toroidal dipole moments have a similar amplitude near the resonant
wavelength, their phase difference is not close to 7, so the resonance here is intrinsically
a hybrid mode instead of an anapole mode. The yz-plane field distributions normalized
to the incident wave amplitude, at the resonant wavelength, are plotted in Fig. 2d. An
electric hotspot emerges at the center of two apertures and a circulating magnetic field
(white dashed arrows) can be observed, which exhibits the characteristics of both elec-
tric dipole and toroidal dipole distributions and thus offers the possibility for anapole
excitation [25].

Figure 2f shows the spectra of the vertical split-ring resonator suspended in a spin on
glass layer. A transmission dip of around 10% indicates that the resonance is excited at
wavelength 1=1892 nm. The main components of the excitation are a dominant elec-
tric dipole moment as well as weak magnetic dipole (MD) and electric quadrupole (EQ)
moments, as shown in Fig. 2 g. This configuration does not constitute an anapole mode
in the desired spectral range because the similar amplitude and the opposite phase for
electric dipole and toroidal dipole moments do not appear simultaneously. The nor-
malized field distributions are presented in Fig. 2 h. The electric hotspot and magnetic
hotspot can be found in the center of the vertical split-ring resonator, indicating the
excitations of both electric dipole and magnetic dipole moments [41-44]. The electric
hotspot of the vertical split-ring resonator can effectively overlap that of the dumbbell-
perforated gold film, and the magnetic hotspot of the vertical split-ring resonator can
boost the circulating magnetic field of the dumbbell-perforated gold film due to their
similar orientations in the spin on glass layer. Although the anapole mode cannot be
directly acquired in the single component, combining two components provides the
conditions for the anapole excitation. Consequently, combing these two components
can generate efficient coupling between them and enhance the electric dipole and toroi-
dal dipole moments simultaneously, which is expected to provide the opportunity for a
strong anapole response.



Yao et al. PhotoniX (2022) 3:23 Page 4 of 10

—_

Transmission & Reflection (%) T

L=

2

—_
Scattering power (a.u)

(d)
|E/E|

~ED-TD-MD-EQ-MQ|

N ——
h\
~%p
%1
fer

I10.G

®
3

=
3

b
W—-‘Is.s

L ‘ 0

Ly

»
3

N
S
Phase (rad)
!

1500 2000 2500 - 1500 2000 2500

Wavelength (nm) Wavelength (nm)
(f) (@) (h)
§100 —T 310 ~ED-TD-MD-EQ-MQ l3_3
= —R .
c 5101
g w0 SN -
3 2 SN
: » ﬁ\\\
S 60 5 ~ t - '
« §1075 ~— 4 el 0
o g ~
€ . :
2o - |H/H,| 7
5
2 H
£ 2 3
£ : 'HP
oo ; = I 0
1500 2000 2500 1500 2000 2500 -

Wavelength (nm) Wavelength (nm)

Fig. 2 Electromagnetic responses of two components of the plasmonic anapole metamaterial. (a) Schematic
diagram of the configuration, (b) transmission (blue curve) and reflection (red curve) spectra, (c) multipole de-
composition and phases of electric dipole and toroidal dipole moments, and (d) normalized yz-plane electric field
and magnetic field distributions of the dumbbell-perforated gold film placed on the dielectric substrate. The field
distribution is extracted from the corresponding resonant wavelength. White dashed arrows depict the orienta-
tions of the magnetic field. (e), (f), (g) and (h) Those for the vertical split-ring resonator suspended in a spin on glass
layer. Feature sizes: P, = 380 nm, Py =820 nm, R=130 nm, D, = 65 nm, Dy =60 nm, L=270 nm, W, =60 nm, Wy =
60 nm, H,=30 nm, H,=55 nm, and thicknesses of the perforated gold film and the spin on glass film are 30 and
135 nm, respectively

To verify the analysis above, we experimentally and numerically demonstrate the plas-
monic anapole metamaterial combining both dumbbell-perforated gold film and verti-
cal split-ring resonator components. Since the device performance is dominated by the
physical mechanism of anapole mode instead of optimized parameters, the geometric
parameters selection is mainly based on the mechanism of anapole excitation and the
fabrication precision. The experimentally measured transmission and reflection spectra
are plotted in Fig. 3a. The transmission peak representing the resonance can be observed
at wavelength A=1340 nm, showing a blue shift compared to the resonant wavelengths
of two components (1608 and 1892 nm). That is because the involvement of the other
component introduces not only new material but also effective coupling between two
components. The measured line shape of the transmission and reflection spectra agree
well with the simulated results in Fig. 3b. The slight difference in the peak values of
transmission and reflection, as well as a broader line width in the experimental measure-
ments, are expected due to inevitable variations in metamaterial dimensions and imper-
fections with the fabricated sample.

Figure 3c and d depict the multipole decomposition and phases of electric dipole and
toroidal dipole moments of the plasmonic anapole metamaterial, respectively. Electric
dipole and toroidal dipole moments have similar amplitudes and approximately oppo-
site phases at the wavelength around A1=1340 nm (grey dotted lines), implying the
effective excitation of the anapole mode. It is interesting to point out that the slight
deviation of phase difference from -m results from the involved additional loss of gold
(See Methods and Supplementary Information), which will not influence the mechanism
of anapole excitation. The electromagnetic field distributions are given in Fig. 3e. The
electric hotspot is located at the center of dumbbell-perforated gold film and the mag-
netic hotspots emerge at two aperture edges and in the center of the vertical split-ring
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Fig. 3 Electromagnetic responses of the plasmonic anapole metamaterial. (a) Measured and (b) simulated trans-
mission (blue curve) and reflection (red curve) spectra, () multipole decomposition, (d) phases of electric dipole
and toroidal dipole moments, and (e) normalized electric field and magnetic field distributions of the plasmonic
anapole metamaterial in the yz-plane and the xy-plane. Grey dotted lines in Fig. 3b-d denote the resonant wave-
length of anapole mode. White dashed arrows depict the orientations of the magnetic field. The xy cut plane is

located in the middle of the upper dumbbell-perforated gold film. All the geometric parameters are identical to
those in Fig. 2
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Fig. 4 Refractive index sensing application of the plasmonic anapole metamaterial. (@) Measured and (b) simu-
lated transmission and reflection spectra with variable ambient refractive index from 1.30 to 1.39 with a step of
0.01. Dark (light) blue and red correspond to transmission and reflection at refractive index n=1.30 (1.39). (c) The
resonant wavelengths of the anapole mode from experimental and simulation results as functions of the ambient
refractive index. The black solid lines represent the linear fitting results

resonator, which simultaneously inherits the properties of both dumbbell-perforated
gold film and vertical split-ring resonator.

We now turn our attention to the sensitivity of metamaterial’s resonant mode to the
ambient refractive index. In the case of the metamaterial considered here, the toroi-
dal dipole moment is parallel to the direction of the incident electric field, which offers
stronger interactions between light and matter than that is perpendicular [24, 25]. More-
over, according to the field distributions in Fig. 3e, the electric hotspot is exposed to the
environment, resulting in a strong interaction between hotspot and sensing medium and
subsequently a high sensitivity to the ambient refractive index variations. In contrast,
for dielectric anapole metamaterials and metasurfaces reported in the literature, the
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electromagnetic field remains hidden within the dielectric, limiting the practical utility
of these devices [45, 46].

Benefiting from the effective coupling between two components and the subsequent
anapole mode, the maximum electric field enhancement factor |E/E,| = 15.2 in yz plane
is larger than those of only dumbbell-perforated gold film (|E/E,| = 10.6) and only verti-
cal split-ring resonator (|E/E,| = 3.3). Moreover, as shown in Fig. 3b, the simulated line
width of the plasmonic anapole metamaterial is reduced to 295 nm, which is smaller
than those of only dumbbell-perforated gold film (1137 nm) and vertical split-ring reso-
nator (404 nm). These advantages are expected to efficiently promote sensing perfor-
mance. It should be noted that the magnetic field enhancement |H/H,| = 11.9 is smaller
than that of only the vertical split-ring resonator because of the unavoidable influence of
the upper dumbbell-perforated gold film. Since the magnetic hotspot is located in the
spin on glass layer, its impact on sensitivity will be reduced.

To investigate and examine the sensing performance of the plasmonic anapole meta-
material, we deposit the oil with a refractive index from 1.30 to 1.39 with a step of 0.01
onto the sample. Figure 4a shows the measured transmission and reflection spectra with
variable ambient refractive index. With the ambient refractive index varying from 1.30
to 1.39, the measured resonant wavelength redshifts from 1435.5 to 1468.5 nm. The sim-
ulated result in Fig. 4b is in good agreement with the measured one, indicating a redshift
of the resonant wavelength from 1473.5 to 1513.4 nm without changing the line shape.
These two results both show the linear relationship between the resonant wavelength
and refractive index, which is consistent with the theoretical model [47]. The small dif-
ference between these two results is due to the roughness of the sample. As a key per-
formance of the sensor, the sensitivity A1/An defined as the spectral shift per refractive
index unit (RIU) is studied in Fig. 4c. By employing a linear fitting, the sensitivities of
measurement and simulation results are around 330 nm/RIU and 445 nm/RIU, respec-
tively, which are comparative to conventional plasmonic refractive index sensors by
LSPR [5, 13, 15, 48]. The proposed anapole metamaterial sensor can acquire an effective
transmission channel due to the nonradiative property, which is beneficial to practical
low-loss meta-devices. Considering the infrared spectrometer resolution of around 28.7
pm, the experimental detection limit Any, ;=AM ./Sensitivity=8.7x10"> RIU can be
obtained.

In addition, to analyze the influence of ambient refractive index on the multipole
contribution and thus the anapole mode, the multipole decompositions and phases of
electric dipole and toroidal dipole moments with different ambient refractive index are
given in the Supplementary Information. The contributions of electric dipole and toroi-
dal dipole moments and their phase differences keep nearly constant except for a red-
shift, which demonstrates that the proposed plasmonic anapole metamaterial can work
in a wide range of refractive index and provides a novel method of adjusting the ambient

refractive index to flexibly manipulate the anapole mode.

Conclusion

To conclude, we have demonstrated the plasmonic metamaterial with anapole response
and its application in refractive index sensing. By analyzing the spectra, multipole
decompositions and field distributions of the upper dumbbell-perforated gold film and
the lower vertical split-ring resonator, we demonstrate that the anapole mode cannot be
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directly excited in a single component, while they can provide efficient electric dipole
and toroidal dipole moments and effectively couple with each other, which are desirable
for the anapole response. After the combination of these two components, an anapole
mode at around 1340 nm with a stronger electric field enhancement factor of 15.2 and
a narrower line width of 295 nm can be achieved. Benefiting from these characteristics,
the sensitivities of the plasmonic anapole-based refractive index sensor are 330 nm/RIU
and 445 nm/RIU in experiment and simulation, respectively. Considering the infrared
spectrometer resolution, the experimental detection limit of 8.7x107° RIU is obtained.
Apart from sensing application, this work opens new paths for manipulating the plas-
monic anapole mode by varying ambient refractive index and facilitates its applications
in spectroscopy and optical nonlinearity.

Methods

Metamaterial nanofabrication

First, a ZEP520A layer was spin-coated at 4000 rpm onto a fused silica substrate and
baked for 5 min at 180 °C. An Espacer layer was spin-coated at 1500 rpm onto the
ZEP520A layer to reduce the positional error during the e-beam exposure. The base rod
and two prongs of vertical split-ring resonator were fabricated by successive two e-beam
exposures and lift-off processes. Then, a spin on glass layer isolating the dumbbell-per-
forated gold film and vertical split-ring resonator was spin-coated at 3000 rpm onto the
fused silica substrate with fabricated vertical split-ring resonator and baked for 3 min
at 200 °C. Its thickness of 135 nm was acquired by the reactive ion etching (RIE). Last,
30 nm gold films were deposited by RF sputter, and the antietch layer (ZEP520A) was
spin-coated onto the gold film. The dumbbell-shaped holes in the same area were pro-
cessed by e-beam exposure and fabricated by the RIE process.

Optical measurement

Bruker VERTEX 70 Fourier-transform infrared spectrometer equipped with Bruker
HYPERION 2000 infrared microscope was exploited to measure the spectrum data. An
aperture was employed to collect the incidence to a square area of about 150x 150 pm?,
similar to the size of the fabricated sample. The transmission and reflection spectra were
normalized by those of the fused silica substrate and the gold mirror. Refractive index
sensing is performed by placing a drop of oil with a certain refractive index (Cargille
oils Series AAA), measuring the transmission and reflection spectra of the metamaterial,
rinsing the sample in methanol, drying, and repeating again. The thickness of oil layer is
more than 100 um to ensure the sample area can be entirely covered, which is far larger
than sample thickness and wavelength, and the influence of oil thickness can thus be
ignored.

Numerical simulation

Electromagnetic responses of the metamaterial were numerically simulated by com-
mercial software COMSOL Multiphysics based on the finite element method. Perfectly
matched layers (PMLs) at the top and bottom of the metamaterial were used to truncate
the open space. Periodic boundary conditions were employed in x and y directions to
simulate the periodic array. Due to the large thickness of the oil layer, it is simulated as
the background media above the metamaterial. The maximum mesh element size is less
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than 1/10 of the wavelength, and the resolution of narrow regions is larger than 2. The
refractive indexes of the fused silica substrate and spin on glass layer were 1.4584 and
1.41, respectively. The permittivity of gold was described by the Lorentz-Drude model
with a plasma frequency of 8.997 eV and a damping coefficient of 0.07 eV. As the wave-
length is shorter than 1800 nm, an additional imaginary part of the permittivity of gold
was involved to consider the higher experimental loss at the shorter wavelength (see
Supplementary Information).

Abbreviations

SPP surface plasmon polariton.
LSPR localized surface plasmon resonance.
FOM figure-of-merit.

ED electric dipole.

D toroidal dipole.

MQ magnetic quadrupole.

MD magnetic dipole.

EQ electric quadrupole.

RIU refractive index unit.

RIE reactive ion etching.

PML perfectly matched layer.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/543074-022-00069-x.
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