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Abstract—The emergence of planar metamaterials (PrMMs)

has opened a gateway to unprecedented electromagnetic (EM)
properties and functionality unattainable from naturally occur-
ring materials, thus enabling a family of PrMM based devices.
In this paper, a novel class of superconducting (SC) PrMM is
presented and a series of THz reflectance spectral responses
simulations reveals that these SC PrMM structures portend
applications in a variety of temperature sensors, thermo-optical

modulators, and magnetic switch devices.
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|. INTRODUCTION

SUPERCONDUCTING (SO) terahertz (THz)

metamaterials (MMs) have attracted significant interest
due to low loss, efficient resonance switching and large
range frequency tunability. At low temperatures, SC materials
possess superior conductivity relative to metals at frequencies
up to the THz range, and therefore it is expected that SC MMs
will have a lower loss than metal MMs. There have been a few
recent demonstrations of SC MMs, which are of interest in loss
reduction and resonance tuning [1], [2]. Recent studies show
using vanadium oxide-based metamaterial in modulating, sens-
ing, and active filtering applications [3]. In 2008, L Kang, et al
proposed a design using ferrite-based metamaterial which
has the ability to use in cloaking applications [4]. The other
interesting research on SC MMs investigated the EIT-like
phenomenon [5] and THz device applications using SC
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metamaterial [6], [7]. The superconductivity in the MMs dra-
matically reduces ohmic loss and absorption to levels suitable
for novel devices such as modulators [8]-[10], switches
[11], [12], sensors [13]-[17], slow light devices [5], [18]-[21]
over a broad range of the electromagnetic (EM) spectrum.

Planar metamaterials (PrMMs) are very thin material
films that are patterned on a subwavelength scale [22]-[25].
The emergence of planar metamaterials has opened a gateway
to unprecedented electromagnetic properties and functionality
unattainable from naturally occurring materials, thus enabling
a family of PrMM based devices such as biosensors [26]-[33],
biomedical detectors [34]-[36], optical non-linear liquid sen-
sors [37]-[40], chemical sensors [41]-[43], glucose sensors
[44], [45], slow light devices [46]-[49], optical buffering
[50], [51], modulator devices [52]-[54], super lenses
[55], [56], cloak designs [57], [58], and switches [59], [60].
The response of PrMMs can also be engineered to mimic EM
response in all frequency regimes such as visible [61]-[64],
near-infrared [39], [40], [45], [65]-[68], mid- infrared
[59]-[72], far-infrared [73]-[75], and THz [41], [47], [7],
[771-[80].

In the context of the present work, the property that mat-
ters most is showing the tunability of the proposed design.
First, we look at the THz transmittance spectral responses
to investigate changes in resonant frequency/wavelength of
the proposed SC PrMM in different cases through optical,
material, geometrical, thermal, and magnetic tuning. Here,
we systematically elaborate numerical demonstrations of the
proposed SC PrMM, the tuning behaviors of their resonance
performance, and theoretical understanding of its unique per-
formance based on analyzing the EM field distributions and
surface currents. In the last part of this paper, by looking at
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Fig. 1. The 3D-, and 2D- view of the unit cell schematic of the perfect
absorber nanostructure created by the CST simulator.

the THz reflectance spectral responses, we show the proposed
design has the potential applications as a temperature sensor,
thermo-optical modulator, and magnetic switch device.

I[l. STRUCTURE DESCRIPTION

The sample is made of a square array of split ring resonator
(SRR) antenna plus a cut wire antenna as shown in Fig. 1.
In fact, we split the SRR in to two different parts and placed
the cut wire antenna between them. The cut wire antenna
has a length of / = 60 um with the width of w = 5 um.
The geometrical parameters of the square SRR are as follow:
L =60um,W =5 um, while the gap between the left and
right parts of square SRR with the cut wire is g = 2.5 um.
All three of these antennas are made of Niobium Nitride
(NbN) which is a SC material and located on a dielectric
material which serves as a substrate. We use magnesium
oxide or magnesia (MgO) as substrate in this design. The
MgO is modelled as a lossless dielectric medium with relative
permittivity of eyg0 = 11.5, while NbN is simulated with a
conductivity of o (w) which will be describe and calculated
as follows. The other geometrical parameters are as follows:
tsc = 0.2 um, tsyp = 1000 um, Px = Py = 70 um. The
complex conductivity of the SC PrMM thin film is formulated
as [81]:

o (0) = oy (0) +i0; (v), ey

According to the Maxwell-Garnet model, the conductivity of
the SC NbN can be expressed as [81]:

2fuosc(on — asc)
(I = fu) (o0 — 0sC) + 20sC
in which, f, is defined as the filling factor referring to the

contributions of the SC and normal electrons to the conduc-
tivity [82] and formulated as:

fn_

ny —i—nsc’

o (w) = +osc, (2)

np

3)

Here, n, is the density of normal electrons, ngc is the density
of SC electrons, and o, and os¢c are defined as normal and
SC carriers’ conductivities, respectively. In accordance with
a two-fluid model, there are two kinds of charge carriers in

superconductors: normal carriers with conductivity of g, (w)
and SC carriers with conductivity of osc (w). Normal carriers
are described by the Drude model as:
00

—_ 4
(1 —iwr) @
in which, oy is defined as the dc conductivity of the SC PrMM
thin film and is equal to

on (w) =

npet

oy = , )
mo

where e is the electron charge, 7 is the relaxation time, mq is
the electron mass, and w is the angular frequency of THz
incident light which equals to @ = 2xf, where f is the
frequency of incident light. The conductivity of the SC carriers
is given by the London equation as follows:

. ngcez T 1

osc (0) =i = iﬂowi%’ (©)

mao

where, A1 is the London penetration depth, m is electron mass
in SC, and u¢ is the vacuum permeability.

The effective surface impedance of the SC thin film with
thickness of tgc is expressed as [1], [83], [84]

Zs,eff (w) = Rs.eff + JXs,eff

oy ff “Z:g coth (tscv/japoo @), (7)

in which Ry .ry is the effective surface resistance and X .rr
is reactance which is calculated as follows:

Xs,eff =wLg, 8)

where, Lk is the kinetic inductance and ug is the magnetic
susceptibility in vacuum.

The wave propagates in the Z-direction, which is perpen-
dicular to the plane of the SC PrMM, with the ac electric
field parallel to the gap, i.e., in the X-direction, and the
magnetic field is along the Y-direction, as shown in Fig. I.
The measured data in all figures are supported by full-wave
numerical simulations using CST Microwave Studio simulator
software. The unit cell shown in Figure 1(a) is reproduced in
the simulations using periodic boundary conditions.

THz time domain experiments extend a unique prospect
to explore fast nonlinear response in superconducting mate-
rials because the experiment involves a brief approximately
picosecond (ps) single cycle THz bandwidth excitation of
the metamaterial. The structures were formed in Niobium
Nitride films deposited on Magnesium oxide material with
thickness of 1000 micrometer as a substrate. It was found that
an intense THz pulse on a NbN metamaterial could produce
significant de-pairing, resulting in a large quasi-particle density
and increase in effective surface resistance of the film. The
NbN films typically have a critical temperature of 15.8K.
If raising the temperature of NbN from 1.6 k to 15 K
(see Fig. 4) at constant distance, the loss of the system will
increase. While experimental progress in the superconducting
metamaterial field is relatively new, the increasing amount of
research over the last decade is an encouraging indicator that
this field is moving forward quickly.




VAFAPOUR et al.: SENSING, SWITCHING AND MODULATING APPLICATIONS OF A SC THz METAMATERIAL

15189

NbN at T=1.6K, B=0T

T
Reflectance
= Transmittance
Absorbance
1

o £ .
0% 0% 06 o0

I b e
» 12 % -
T T T

‘Spectral responses

o
Y
T

o

' . ' . . . " ' »
025 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 07
Frequency [THz]

o
o

Fig. 2. Absorbance and other spectra.

I1l. SPECTRAL RESPONSES AND PHYSICAL CONCEPTS

An obvious transmission valley appears at about
Sfresonance = 0.5915 THz as shown in black curve in
Fig. 2, which is a dip resonance in the spectral response.
Corresponding to the dip transmission, there is a peak
resonance in reflection spectrum represented by the yellow
curve in Fig. 2. As can be seen from Fig. 2, the transmission
coefficient at 0.5915 THz is about 0.48% and the reflection
coefficient is about 99.23%; therefore, based on the formula
used to calculate the absorption, i.e. A = 1-T-R, the absorption
coefficient at 0.5915 THz is approximately 0.29%. The
transmission (7 (w)), and reflection (r (w)), and absorption
(a (w)) coefficients are calculated as follows [85], [86]:

1
(@)= —— ©)
+ ngup + Zoo (w)tSC
1-— —Z t
r) =+ nsub — Zoo (@)1sc. (10)
+ ngub + Zoo ()t g¢
a(@) =1- 1+ ngup
- 14+ Ngup + Z()O' (C())tsc
1 — Rsub — ZOJ (CU)ISC (11)

a 1 4+ ngup + Zoo (0)tsc ’

in which ngyp is the refractive index of the substrate, tg¢ is
thickness of the SC PrMM thin film, and Zj is the impedance
in vacuum.

To reveal the underlying physical mechanism of the reso-
nance existence, the EM field distributions and surface currents
are quantitatively investigated in Fig. 3. At fresonance =
0.5915 THz, the total electric field intensity distribution and
surface current are shown in Fig. 3(a, b). It can be clearly
seen that electric field is mainly confined along the cut wire
NbN SC antennas and two electric dipole moments are created
which causes the dip resonance in transmission spectrum.
Furthermore, it is found that the electric fields are strong at the
end of NbN SC cut wire antennas at X-Y plane as shown in
Fig. 3a, which significantly increases the light-matter interac-
tion and leads to a narrow transmission window at fresonance-
Figures 3c to 3f shows the magnetic field distributions and the
magnetic surface currents. As can be seen from parts ¢ to e of
Fig.3, the localized surface plasmon resonance (LSPR) occurs
and enhances the EM field at the left and right sides of the
cut wire NbN SC antennas and confines the magnetic field
among the Y-direction. Therefore, there is a strong magnetic
field along the Y-direction in the SC antennas.

[
|
!

e d

Fig. 3. Electric field (a) distributions; (b) Surface current; Magnetic field
(c,e) distributions, (d,f) surface currents.

IV. INVESTIGATION OF TUNABILITY OF
THE MICROSTRUCTURE

The control of the behavior of superconducting MMS,
including resonance frequency shift and transmitted amplitude
modulation, is especially interesting since the superconductiv-
ity exhibits a strong dependence on the ambient conditions.
In the following, to elucidate the underlying tunability mech-
anism of the proposed THz SC PrMM, we compare the trans-
mission spectra of the proposed microstructure by changing
the thermal, optical, material, and geometrical parameters of
the proposed microstructure design.

A. Magnetic Tunability

Figures 4(a) to 4(f) systematically show transmittance spec-
tra versus frequency for different fixed temperatures; we have
measured the THz responses of the proposed SC PrMM
microstructure design under different magnetic field intensi-
ties. These figures show the measured transmission spectra
as B varies from 0 to 7.0 T. Figure 4 shows the evolution
of the measured amplitude transmission for different samples.
It can be seen that by increasing the magnetic field at any fixed
temperature, the transparency window is obviously broadened,
and the sharp narrow transparency resonance dip is vanishing.
By increasing the value of the magnetic field further to 5 T,
the bandwidth of the transparency window is dramatically
increased with a nearly flat resonance dip. At a low strength
magnetic field of 0 T, the transmission shows a sharp reso-
nance dip approaching approximately zero for the transmission
coefficient. As the magnetic field is increased from O to 7.0 T,
the resonance transmission dip increases from below 0.005 to
more than 0.9 without a prominent resonance frequency shift.
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Fig. 4. Changing magnetic field at fixed temperature and effect on the
spectra.

At B = 7.0 T, the resonant dip is significantly weaker. Thus,
a substantial change of more than 90% in the resonance trans-
mission is achieved by increasing the magnetic field, indicating
that the resonance properties of the SC resonators/antennas
are strongly dependent on the magnetic field. When magnetic
field is strong enough, superconductivity is quenched, and
the SC elements are switched to the normal state. Therefore,
this SC PrMM design allows us to simply switch between
the low-transmission state and the high-transmission state by
applying or removing the applied magnetic field. It should
be noted that this behavior is typical in magnetic switching
applications which will be investigated in this research in the
application section.

B. Temperature Tunability

To show the temperature tunability capability/possibility of
the proposed THz SC PrMM microstructure, we simulated the
transmission spectra of the microstructure design at a fixed
magnetic field by changing the temperature of the SC anten-
nas. As can obviously be seen from Fig. 5, as temperature goes
up above the critical temperature of Tc = 13.8 K, the trans-
mission grows stronger due to the SC carriers. At temperatures
lower than 13.8 K, there is a sharp transmission dip resonance
in the transmission spectrum. At 19 K, as the temperature far
above Tc, the NbN SC PrMM does not exhibit any resonance
in the transmission spectrum, as represented the T¢ value. The
simulated amplitude transmission shown in Figs. 4(e) and 5(a)
also demonstrates the switching effect at both the resonances
as the temperature reaches to 13.8 K in the case of no magnetic
field.

e g e
IS ) 0

Transmittance

e
LY

0.56 0.57 0.58 0.59 0.6 0.61 0.62 0.63
Frequency [THz]

; NbN atB=1T ; NbN atB=3 T
09 0.95
@ @
Sos 8 0o
K] k-]
E07 Eosst K
3 = \
£ % T=TK \-,
=08 = 08 r:i “-\‘
\
05 Vi 075 I::;ﬁ \
i T=15K
04 - 0.7
0.5 055 06 0.65 07 05 0.55 0.6 0.65 07
Frequency [THz] Frequency [THz]
NbNatB=5T NbN atB=7 T

—T=16K
T=3K
T=5K
T=6K
T=7K
T=8K

0.85 T=9K

T=11K

Transmittance
o
o
Transmittance
e
@

T=11K
T=13K

0.8

0.8

045 05 055 06 065 07 04 045 05 055 06 065 07
Frequency [THz]

Frequency [THz]

Fig. 5. Changing temperature of the SC PrMM and effect on the spectra.

C. Optical Tunability

To further illustrate the optical tuning of the proposed
SC PrMM microstructure, we investigated the transmission
properties of the proposed design in different polarization
modes and different angles of incident light in Figs. 6a, and b,
respectively. The measured transmission of transverse elec-
tric (TE) and transverse magnetic (TM) polarization modes in
Fig. 6a show distinct behavior over the THz frequency regime
of operation of this microstructure. From Fig. 6(a), one can
see the existence of the transmission resonance mode in the
TE polarization mode (blue-line curve) which means that the
SC antennas could couple with the normal incident light. But
there is no resonance mode in the transmission spectrum of
TM polarization mode (red-dashed-dotted curve).

The transmission can be actively controlled by adjusting the
polarization angle and reaches dual band when the polarization
is TE mode and the incident light was not illustrated as
normal incident (i.e., & # 0). The proposed microstructure
is effective in managing light transmission by using different
polarization modes and angle of incident light. As can be
seen from Fig. 6b, there is a plasmonically induced trans-
parency (PIT) effect when the incident light is not in normal
incident. As can be seen in Fig. 6b, there is a dual-band
transmission spectrum which means that the higher order
plasmonic modes are excited and the PIT effect is created.
As is clearly observable from Fig. 6b, there is approximately
a 99.91% transmission coefficient for the case of 6 = 40°
at about 0.59 THz which was less than 0.5% at normal
incidence (8 = 90°).
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Fig. 7. Change substrate (a) material and (b) thickness and effect on
the spectra (fg,p [Lm]).

D. Material Tunability

Figure 7 shows the simulation results of the transmit-
tance spectra using different substrate material and thickness.
The transmittance resonance frequency red shifted by increas-
ing/decreasing the RI of the substrate material from MgO
(emgo = 11.5) to lanthanum aluminate, which is denoted
by LaAlO3z or LAO (epao = 24.5) [87]. A clear red
shift of the transmission resonance is observed due to the
increase of the RI of the dielectric material used as a substrate.
As can be seen in Fig. 7(a), the resonance frequency position
depends very sensitively on the substrate material. Figure 7(b)
shows the simulated transmittance spectra of the designed
superconductor metamaterial for different thicknesses of a
MgO substrate. As can be seen from Fig. 7(b), there is a blue
shift by decreasing the thickness of substrate. As can be seen
from Fig. 7(b), there is a blue shift by decreasing the thickness
of substrate.

E. Geometrical Tunability

To further confirm the physical origin of the transmission
spectrum and narrow transmission band, the influence of geo-
metric parameters is investigated. As shown in Fig. 8(a), with
other parameters fixed, when g changes from 0.5 to 5 um,
the transmission resonance dip become blue shifted, but the
transmission strength remains unchanged. But as can be
seen from Fig. 8a, in the case of g = 0 um, there is
no resonance transmission dip due to the lack of coupling
between SC antennas and normally incident light. Fig. 8(b)
shows the effect of changing w from 1 to 15 um while
all other geometrical parameters are fixed; there is a blue
shift by increasing w without any changes in the transmission
resonance dip broadening. From Fig. 8(c), it is noted that the
transmission resonance dip becomes redshifted by increasing
the amount of the 1 parameter from 10 to 60 um; also, the
resonance transmission dip becomes narrow by increasing the
amount of L

N1bN atT=1.6 K, B=0 T I¥bN atT=1.6 K, B=0T

(V] o [
: -
g —0 s 1
£ —0.5 = _
E0.5] —» £05 _2-5
0
2 —25 = —10
Z 5 = —15
0 0
0.45 0.55 0.65 04 05 06 07
(@)  Frequency [THz] (b)  Frequency [THz]
NbN at T=1.6 K, B=0 T
[] 1 N -
(3] \ e
c VAR
£ \
‘E0.5 \ {
2 L
: \
0 it
0.5 0.6 0.7
(@ Frequency [THz]
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V. APPLICATIONS

Superconducting THz MMs have recently drawn great atten-
tion within the THz and MMs fields, due to their low ohmic
loss as well as their thermal and magnetic-field tuning behavior
[7], [8]. Based on the phenomena that SC depends on tem-
perature and magnetic field, we investigated the temperature
sensing, thermo-optical modulating, and magnetic switching
applications of the proposed SC PrMM microstructure design.

A. Temperature Sensing Application

The reflection property of the proposed SC PrMM is
simulated. In the simulation, the magnetic field is equal to
zero, i.e., B = 0 T using MgO as a substrate with normal
incident light TE polarization. As can be seen from Fig. 9, the
reflection spectrum experiences a frequency/wavelength shift
by changing the temperature of the SC antennas. We demon-
strate a temperature tuning of more than 33.3 um within
the temperature range limited by the critical temperature of
the proposed SC PrMM material. A big resonance shift is
observed as the temperature is decreased. We can use this
capability in temperature sensing applications for the pro-
posed SC PrMM device. This is due to the interplay of the
temperature-dependent behavior of the SC material and the
spectral responses. Thus, we demonstrate, thermal tuning of
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Fig. 10. The reflection coefficient values vs temperature atB =0 T.

sensitivity which is entirely based on temperature dependence
of the NbN SC material. The wavelength and frequency
sensitivities, i.e., S, in the scale of [¢m/K], and S, in units
of [THz/K] are calculated in relations 12, and 13, respectively,
as follows [88]:

Si _ A_i _ j«max_/Imin , (12)
AT AT
Aw Wmax — Omin
Sy = | 2| = |Lmax — Omin | 13
¢ ‘AT‘ ‘ AT (13

As a result, the proposed SC PrMM microstructure design
has a maximum temperature sensitivity of about 18.5 pm/K
(corresponding to 2.15 x1072THz/K) which is an ultra-
high sensitivity value in comparison to recently designed
temperature sensors in the literature [59], [89]-[93] and can be
used in many applications for accurate temperature detection.

B. Thermo-Optical Modulating Application

As the next step toward other multiplexed applications on
temperature dependence of the proposed SC PrMM device,
we investigate the thermo optic modulating applications of
the proposed SC PrMM microstructure. As it is shown in
Fig. 9, a “glossity bandwidth” appears in the proposed SC
PrMM reflectance spectrum. Glossity bandwidth is defined
as bandwidth between two reflection peak resonances in the
reflectance spectrum. In the glossity bandwidth, there is a
wavelength that has the highest reflection coefficient, and
another has the lowest reflection coefficient, which refer to
glossity wavelengths. The different of the two glossity wave-
lengths called the “glossity bandwidth”. Here, the glossity
wavelength at 1.6 K is about 507.2 um (the maximum
reflection coefficient at T = 1.6 K is about 0.9943), which
decreases to 473.9 um (the maximum reflection coefficient at
T = 13.8 K is about 0.0408) by increasing the temperature
of the SC PrMM to the critical value of T¢c = 13.8K (see
Fig. 10). The “wavelength modulation depth” is defined as:

Al ihighest - j«lowest
/lmod = =
Amax Amax

AT = 13.8K) — A(T = 1.6K)

(14
/Imax

So, based on the relation 14, the wavelength modulation depth

(Xmod) percentage for the proposed SC PrMM is 6.56%.

Moreover, based on temperature dependent changes the reflec-

tion coefficient values in the glossy bandwidths, we aim to

NbN at T=1.6

=4 e
@ @

Reflectance
o
-

0.5 0.55 0.6 0.65
Frequency [THz]

Fig. 11.  The reflectance spectral responses vs frequency at fixed
temperature of 1.6 K at different magnetic fields.

calculate “amplitude modulation depth” as follows:
AR Refl(T = 13.8K) — Refl.(T = 1.6K)

Refl.,ax ,
15)

Rinod =

Rmax

As clearly observable from Fig. 9, by increasing the tem-
perature from 1.6 K to the critical temperature of SC, of
Tc = 13.8K, the reflection coefficient is decreased from
0.9943 to 0.0603. We achieve 95.9% for amplitude modulation
depth (Ry,0q4) of this device, which is an ultra-high value.
Therefore, the proposed SC PrMM microstructure has great
promise for thermo-optical plasmonic waveguide modulating
applications in comparison to other superconductor structures
in literatures [8]-[10].

C. Magnetic Switching Application

Here, we aim to show the proposed SC PrMM design is an
outstanding candidate for magnetic switching applications in
the THz frequency range. There are frequency/wavelength and
spectral response changes caused by changing the magnetic
field which is applied to the structure. At a fixed temperature
and frequency, we define two different states as “ON” and
“OFF” and calculate the modulation depth. When no magnetic
field (B = 0 T) applied to the SC PrMM microstructure
design, the reflection coefficient exhibits a maximum value
of 0.9943 at the fixed temperature of 1.6 K. We called this
situation as “ON” state. But, by increasing the magnetic field
to B = 1 T, there is a low reflection coefficient about 0.063 in
reflection spectrum which is defined as “OFF” state. According
to the result in Fig. 11, once we set a higher value for magnetic
field, we are in the OFF state and by removing the applied
magnetic field, we are in the ON state. At a fixed temperature
of 1.6 K and frequency of 0.5915 THz. We calculate the
modulation depth [90] as follow:

Refl.(ON) — Refl.(OFF)
max(Refl.(ON), Refl.(OFF))

9%M Dspitch = x 100

(16)

We achieve 93.1% modulation depth which is an outstanding
value in comparison to the reported literature so far [11], [12],
[47], [59], [94], [95].

We also calculated the modulation efficiency (ME) based
on the following relation [94]:

10 x log [Refl. (ON) /Ref1.(OFF)]
Bon — BorF

MEyiten = ’ (17)
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which is about 12 dB/T. This switch device exhibits wide
frequency operating ranges of optical bandwidth by applying
an appropriate magnetic field. There has been a dynamic/active
tunable control of modulation depth and efficiency by appro-
priately tuning the magnetic field, which holds great promise
for application in future dynamic switching devices.

VI. FUTURE DIRECTIONS AND CONCLUSION

Planar metamaterials (PrMMs) have shown promise for
applications as biosensors, biomedical detectors, optical non-
linear liquid sensors, chemical sensors, glucose sensors, slow
light devices, optical buffering, modulator devices, super
lenses, cloak designs, and switches. In this paper, a novel
class of superconducting (SC) PrMM is presented and a series
of THz reflectance spectral responses simulations reveals that
these SC PrMM structures portend applications in a variety of
temperature sensors, thermo-optical modulators, and magnetic
switch devices. Our simulations demonstrate that a new gener-
ation of SC PrMM devices can be expected to have improved
device performance since it is found that: the resonance prop-
erties of the SC resonators/antennas are strongly dependent on
the magnetic field suggestion applications in magnetic field
sensing; there is an ultra-high modulation depth suitable for
exploitation in thermo-optical plasmonic waveguide modulat-
ing applications; and the reflection spectrum exhibits an ultra-
high sensitivity to temperature which provides a means of
accurate temperature detection. These findings portend a wide
range of future high-sensitivity sensors based on the novel SC
PrMM introduced in this paper.
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