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Abstract: We introduce a class of low-loss subwavelength resonators and report the
first demonstration of a high-temperature (T;) superconducting Bi»Sr,CaCu,QOg, s (BSCCO)
terahertz (THz) metamaterial. The numerical simulations and analytical calculations are
performed to study the electromagnetic response of the subwavelength BSCCO split-ring
resonators (SRRs) to the incident photons with energies below the superconducting gap
energy. A transition of resonance strength is observed as a dip in resonance frequency for
temperatures below BSCCO T,. To interpret the transmission spectra, resonance switching,
and frequency tuning of SRRs, we calculate the temperature dependent complex permittivity
and surface impedance of a 200 nm thick unpatterned slightly underdoped BSCCO thin film.
We compare the resonance tunability of SRRs made of the extremely disorder supercon-
ductor (BSCCO) with metamaterials made of a weakly disorder superconductor YBa,CuzO-
(YBCO) and show that the resonance quality and frequency tuning are comparable for these
two metamaterials. Our results may be useful for THz emitters and detectors developments,
for instance, by integration of SRRs with BSCCO THz emitters and microstrip antennas, the
device functionalities such as polarization, emission pattern directivity, and output power
could be controlled and improved.

Index Terms: Antennas and split-ring resonators, BSCCO THz emitters and detectors,
superconducting metamaterials.

1. Introduction

The electromagnetic response of superconductors is derived from Cooper pairs which is very
sensitive to external perturbations such as induced current, magnetic field, light photons, and
temperature [1]. Among superconducting materials, the anisotropic layered high-T, superconductors
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Fig. 1. a) The schematic diagram of the proposed BSCCO THz metamaterial on the sapphire substrate
under normal illumination. BSCCO SRRs are shown in dark-brown and sapphire substrate is depicted
in cyan. b) BSCCO meta-atom unit cell with structural parameters: g =1 um, r, = 40 um, r; = 35 um
and P =90 um.

that are composed of alternating metallic (and superconducting below T;) CuO, and insulating
double layers, are intrinsically left-handed materials, showing the existence of surface Josephson
plasma waves [2], and realizing negative refractive index metamaterials [3]. With these advantages,
together with their high T, they have received attention in optics and photonics: the extraordinary
transmission [4], [5], Fano resonances [6], nonlinear metamaterial [7] and saturable absorbers
[8] have been recently reported with metamaterials made of YBCO superconductor operating at
sub-THz and THz frequencies.

However, YBCO is a superconductor with relatively weak anisotropy, which has a small damping
rate and remarkably sharp plasma resonance [9], [10]. Until now, split-ring resonators (SRRs)
metamaterials made of superconductors with extreme anisotropy such as BSCCO layered high-T,
superconductors have not been reported. BSCCO with large superconducting energy gap (up to
60 meV) [11] exhibits fascinating electromagnetic responses, for example, it is the building block
of a solid state, compact, powerful, continuous and coherent THz wave emitters and detectors
[11]-[19]. To have a commercial superconducting BSCCO THz emitter useful in most applications
some of their functionalities such as emission polarization, directivity, and output power should be
efficiently controlled and developed. Among BSCCO films of various carrier concentrations (doping)
the slightly underdoped film is preferred in fabrication of such emitters because the emission of
THz radiation takes place in the resistive state of the current-voltage characteristic (IVCs), so the
critical current-normal resistance product (/.Ry) should be as high as possible [20], [21].

In this paper, we propose a class of low-loss SRRs array based on BSCCO superconduc-
tor. We discuss the temperature (T) dependent complex permittivity and surface impedance of a
200 nm thick unpatterned slightly underdoped BSCCO thin film (T, = 85 K) and utilize the numerical
simulation and analytical calculations to study the resonance frequency and transmission amplitude
tuning of BSCCO SRRs at THz frequencies and T ranges of 10-300 K. We show that our numerical
simulations of the T-dependent metamaterial resonance switching and frequency tuning are well
reproduced with theoretical calculations.

2. Results and Discussion

The schematic diagram of the proposed THz BSCCO SRRs array under the normal incident illu-
mination with respect to the metamaterial plane is shown in Fig. 1(a). We numerically simulate the
electromagnetic (EM) response of the metamaterial by using 3D EM solver COMSOL Multiphysics.
In simulation, to get the highest possible resonance quality from the subwavelength BSCCO SRRs,
we chose thickness d = 200 nm, the inner- r; = 35 um and outer-radius r, = 40 um, ring gap size
g = 1 um and the unit cell periodicity P = 90 um (see Fig. 1(b)). A 500 um thick sapphire plate is
chosen as the substrate. The superconducting BSCCO metamaterial can be fabricated by either
photography or focus ion beam (FIB) milling.
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Fig. 2. The temperature dependence complex permittivity of slightly underdoped BSCCO thin film at
f = 0.5 THz extracted from the THz-TDS measurements.

The complex a—b plane conductivity o1 + io» of MBE-grown BSCCO thin film [22] is extracted
from the terahertz time-domain spectroscopy (THz-TDS) experiment where the electric field of
the illuminated EM wave was parallel to the BSCCO a—b plane [23]. The anisotropy within a—b
plane was neglected. BSCCO is a highly anisotropic material [24], [25] with anisotropy parameter
Ae/rap > 100 which A, and 1, are magnetic penetration depth along the c-axis and a—b planes
respectively [26]. The penetration depth is inversely proportional to the square root of conductivity
[27] so conductivity is larger along the a—b plane that contains the c-axis plasma frequency [9].

In Fig. 2, we plotted the calculated T-dependent complex a—b plane permittivity of slightly under-
doped BSCCO thin film at frequency f = 0.5 THz and magnetic field B = 0 T. We are particularly
interested in this frequency because it is in the middle of the frequency range that contains both
the c-axis plasma frequency and the quasiparticle scattering rates in the superconducting state of
BSCCO. The complex permittivity is calculated from the experimental complex conductivity using
the relation [28]:

& =¢&1+iex = (60 — 02/we0) + i(01/wE0) (1)

where w is angular frequency, gy and ¢, are the dielectric constant of vacuum and optical dielectric
constant, respectively. The ¢, affects the real part of permittivity only with no major effect below
30 THz [29].

The two-fluid model is widely used to explain the conductivity of YBCO in microwave, THz and
infrared frequencies [4], [6], [8]. The scattered quasiparticles due to thermally generated plasmons
(therefore large 1/t in the superconducting state) results in the failure of this model in BSCCO in
microwave and millimeter waves regime. For f < 150 GHz, the T-dependent real conductivity is
frequency independent and only above this frequency we can see the change in o4 [9]. In BSCCO,
about one-third of the quasiparticle spectral weight remains uncondensed even when T approaches
to 0 K, therefore a modified two-fluid model with an additional contribution to o1(T) beyond the Drude
response of quasiparticles -as the collective component- is needed to explain the optical properties
of the material [23]. By including the collective contribution into the real conductivity, we will have:

PnT kps/Tem
1+ 0?2 1+0?/T2,

oi(T, w) = 2)
where, pn(T) + ps(T) = ps(0) [30].

Here, p, , ps, ¥ , and ', are the normal and superfluid densities, the T-independent fraction
of ps(0) that remains uncondensed at T = 0 K, and the width of the uncondensed contribution,
respectively.

The first term in (2) describes the Drude contribution from condensed quasiparticles and the
second term explains a Lorentzian peak which models the collective mode [9], [23] [30].
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Fig. 3. The frequency dependence THz transmission amplitude spectra of an array of slightly under-
doped BSCCO SRRs at various temperatures.

The real conductivity (or imaginary permittivity e, in Fig. 2) of BSCCO derived from (2) increases
by decreasing T and shows a crossover at T = 80 K, close to T;. Although it will decrease when
material enters the superconducting state but the value at lowest temperature 5 K is comparable
to T = 300 K. This behavior suggests that although ps(T) increases linearly with decreasing T, it is
compensated by significantly large scattered quasiparticles due to thermally generated plasmons
[9], [23], [30].

infz Ps
2l =T gty ©

The imaginary conductivity (or real permittivity ¢4 in Fig. 2) of BSCCO derived from (3) is almost
constant by decreasing T from 300 K down to T, due to the absence of ps in this region. By further
reducing T and entering the superconducting state, the ratio of ps to p, increases. This results in
the significant change in imaginary conductivity of the BSCCO below T,.

The simulated frequency dependent transmission amplitude spectra of the slightly underdoped
BSCCO SRRs for incident light with electric field E parallel to the SRRs gap are shown in Fig. 3 at
various temperatures. In our simulation, the transmission spectra of all temperatures are normalized
to the transmission spectra of a bare sapphire [31] to eliminate the substrate response. we used the
periodic boundary condition in the lateral directions of a unit cell to approximate the transmission
of an infinite number of SRRs.

As shown in Fig. 3, the transmission spectra of SRRs have the strongest resonance response
at 10 K (far below T;) as indicated by a sharp dip at 0.52 THz (black curve) with a minimum value
of 0.051. As the temperature increases, the resonance strength decreases resulting in broadening
and amplitude reduction of the transmission dip. The response completely vanishes at T > 100 K.

The resonance frequency experiences a red-shift that reaches the lowest value of 0.49 THz
as T is raised to 85 K. By further increasing T, the resonance frequency retunes back to higher
frequencies but the resonance strength continues to decrease.

The applied incident field excites circulating current in the SRRs [32] as shown in Fig. 4(a). The
induced current in the SRRs accumulate at gap edges and therefore the electric field enhances
across the capacitive gap. The electric field distribution is shown in Fig. 4(b). The induced circulating
current induces a magnetic field with its maximum magnitude around the inner and outer parts of
the SRR. The z-component of the magnetic field is shown in Fig. 4(c).

The red curve in Fig. 5 shows the simulated transmission minimum at resonance frequencies of
the SRRs. We see that the transmission minimum increases sharply by increasing T until it saturates
above T.. The thermally tuned resonance response of our metamaterial can be interpreted by
studying the T-dependent resistance and inductance of the slightly underdoped superconducting
BSCCO thin film.
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(c)

Fig. 4. (a) The excited circulating currents, (b) the electric field distribution, and (c) the induced z-
component of the magnetic field for slightly underdoped BSCCO SRRs at 10 K. The polarization of the
incident light is indicated as parallel to the gap direction.
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Fig. 5. The temperature dependent transmission minimum of the slightly underdoped BSCCO SRRs.
The red solid line is the simulation result while the blue broken line is calculated from (9).

The complex surface impedance Z; of an unpatterned BSCCO conducting thin film can be
calculated from the equation:

Zs=Rs—iXs = iopo/20 cot(y/iouood) (4)

where d is the thin film thickness and g is the permeability of vacuum [33]. This equation shows
that both the real and imaginary conductivities contribute to the BSCCO surface impedance. The
calculated surface resistance R; (red) and the surface reactance X (blue) of slightly underdoped
BSCCO are plotted at f = 0.5 THz in Fig. 6(a). The R; determines the strength of the resonance.
By increasing T, the R increases, therefore the resonance linewidth becomes broader and the
transmission minimum increases (see the red solid line in Fig. 5).

The superconducting inductance L s and the resistance R of a BSCCO SRR was obtained from
the impedance of the superconducting thin film [34]:

_X32nr—g

Le=—— (5)
R=RZL I ®)
w
with
W=r,—r, (7)
r=ri+w/2 (8)
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Fig. 6. (a) The T-dependent surface resistance Rs and reactance X s of a slightly underdoped BSCCO
thin film at 0.50 THz. (b) The temperature dependent resonance frequency of the slightly underdoped
BSCCO SRRs. The red solid line is the simulation result while the blue broken line is calculated from
(10). The inset is temperature dependent resonance quality factor.

The theoretical minimum transmission at resonance frequency can be calculated from:

1+ n; )2
T=(——mm— 9
<1+ns+ZO/R ®)

where n; is the refractive index of sapphire and Z; is the impedance of vacuum [33].

The minimum transmission calculated from (9) is plotted in Fig. 5 in blue Broken line. We see that
the calculations are consistent with numerically simulated results. In both cases, the transmission
minimum increases by increasing the temperature and resistance.

The resonance frequency wy is defined by

wi=1/LC— R?/4L2 (10)

where, R, C, and L are the resistance, capacitance, and inductance of the SRR respectively [34].
Here, inductance L is the sum of the superconducting inductance L ; and the geometrical inductance

Lg
LG=u0r<In(W8_:d>—0.5) (11)

Therefore, our metamaterial with structural parameter of r = 37.5 um, w = 5 um, and d =
200 nm gives L g = 0.166 nH [35]. The total capacitance of the BSCCO SRR was obtained from the
sum of the gap capacitance C, = 0.046 fF and the surface capacitance C; = 0.145 fF as defined
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by the following expressions:

d

Co= M 4 oW+ d+9g), (12)
280

Cs= ?(W+d)ln(4r/g), (13)

C=Cy+aCs (14)

where « is the correction factor [35].

To calculate «, we consider the SRR as a perfect electric conductor (PEC), with zero R and L,
and the resonance frequency w3 = 1/L ¢C = 27 x 0.601 THz. Due to the frequency dependent of
the surface impedance, we used a mean impedance value for each temperature which this value
is satisfied for w = 27 x 0.5 THz.

The calculated resonance frequency of BSCCO metamaterial (from (8)) is plotted in Fig. 6(b)
in blue. In this curve, we see a red-shift in the resonance frequency of metamaterial below T, a
blue-shift at T around and just above T, and finally a red-shift again at T far from T,. The theoretical
result shows the same tuning trend as the simulation result (red) does. Since we did not observe any
resonances above 100 K in simulation, no corresponding data is specified so the second red-shift
is not seen in the red graph.

From simulation results, we obtain the relative frequency tuning of BSCCO metamaterial (fpa —
fmin)/fmax = 7% , where fp and fp;, are the resonance frequency maximum and minimum. This is
comparable to the frequency tuning of a YBCO metamaterial with a thickness of 180 nm [34].

The resonance quality factor Q is shown in the inset of Fig. 6(b). Here, Q = f/Af is defined as the
ratio of the resonance frequency f to the full width at half maximum (FWHM) of the resonance Af. By
increasing T, the resonance linewidth increases so Q decreases. The resonance completely damps
at above T = 100 K where Q becomes zero. At 10 K our BSCCO metamaterial has a resonance
with Q = 6.47. This is comparable to gold (Au) THz metamaterials with the same thickness and
geometrical dimensions (not shown here). However, Au metamaterial resonance strength and
frequency tuning are much less T- dependent in comparison to high-T, superconductors [36].

3. Conclusion

We proposed the first BSCCO SRRs and investigated the effect of temperature on resonance
properties of metamaterial by numerical simulation and theoretical calculations. We showed that
a proper designed BSCCO SRRs could result in the transmission resonances with frequency
tunability and quality factor as good as YBCO and Au THz metamaterials. Our results suggest
that the proposed metamaterial can be integrated with the IJJ THz emitters to fulfill some of their
challenging open issues and to improve their functionalities such as tuning the emission frequency,
controlling the emission polarization and directivity, and output power enhancement.
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