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Abstract Superconducting terahertz metamaterials have
attracted significant interest due to low loss, efficient
resonance switching and large-range frequency tunability.
The super conductivity in the metamaterials dramatically
reduces ohmic loss and absorption to levels suitable for
novel devices over a broad range of electromagnetic
spectrum. Most metamaterials utilize subwavelength-scale
split-ring resonators as unit building blocks, which are
proved to support fundamental inductive-capacitive reso-
nance, to achieve unique resonance performance. We
presented a review of terahertz superconducting metama-
terials and their implementation in multifunctional devices.
We began with the recent development of superconducting
metamaterials and their potential applications in control-
ling and manipulating terahertz waves. Then we explored
the tuning behaviors of resonance properties in several
typical, actively controllable metamaterials through inte-
grating active components. Finally, the ultrafast dynamic
nonlinear response to high intensity terahertz field in the
superconducting metamaterials was presented.

Keywords superconducting metamaterial, terahertz,
active metamaterial

1 Introduction

Metamaterials (MMs) termed as artificial composite
structures exhibiting exotic electromagnetic properties
not possessed by natural material, have aroused enormous
interest in recent years. MMs exploited to achieve negative
refraction was first proposed by Veselago in1968, who
demonstrated that materials ingeniously possessing nega-
tive permittivity & and permeability 4 would have negative
refractive index without breaking the existing physical
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laws. Until now, MMs have become a class of newly
developed artificial composites with various novel electro-
magnetic performances. A lot of novel concepts and
intriguing devices have been verified and investigated
based on MMs, such as super lens [1,2], negative refraction
[3], plasmon induced transparency [4], novel optical
activities [5], and invisibility cloaking [6,7], etc. The
novel characteristics of MMs not only reveal a deep
understanding of fundamental science behind but also push
an important step toward nonlinear and quantum MM
devices which are difficult or impossible to achieve via
conventional approaches.

Until now, MMs have generally adapted high conduc-
tive metallic elements patterned on dielectric substrates to
implement responses to incident electric and/or magnetic
fields. However, the intrinsic ohmic absorption in metals
prohibits MMs’ promotion toward novel functional
devices, particularly in the frequency regimes higher than
the microwave band. Besides, the intrinsic effective
permittivity and permeability of metals are hardly
influenced by external stimulation. Therefore, active
manipulation of the MM response has to introduce
additional material elements which not only increase the
fabrication difficulty but also lower down the performance
of the multifunctional devices. One approach to solve these
problems is the use of superconductors (SCs) instead of
metals. Contrary to metals, the resistance of SCs may fall
down to zero under particular situation, resulting in an
extreme increment of the figure of merit (FOM) in MMs. In
addition, behaviors control of superconducting MMs,
including resonance frequency shift and transmitted
amplitude modulation, can be achieved through various
methods as the superconductivity exhibits a strong
dependence on ambient situation [8]. In 2005, Ricci et
al. demonstrated the negative refraction index in the
microwave regime with a MM made from low-loss
dielectric substrate and SC mental Niobium (Nb), which
for the first time introduced SCs into the MM research [9].
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Since then, majority of initial studies on SC MMs have
been carried out at microwave frequencies, where metals
already show good conductivity for most devices. Thus
recently, focus has been moved to the higher frequency
regime [10], particular terahertz frequencies, showing great
potential applications in the fields of security detection
[11], spectral analysis [12], bio-sensing [13,14] and high-
speed communication [15].

Terahertz SC MMs research began in 2010, Gu et al.
demonstrated the unique resonance phenomenon of high
temperature superconductor MMs in the terahertz fre-
quency regime under 77 K [16]. Since then, SC MMs have
received rapid growing interest. Compared to microwave
frequencies, SC MMs are more urgently needed in the
terahertz regime because: 1) as the resonance frequency is
pushed higher from microwave, the remarkable ohmic
dissipation has a negative impact on device performance,
2) the intrinsic complex conductivity of SCs strongly
depends on external magnetic/electric field, optical
stimulation and temperature modification. Therefore,
active MMs integrated with SC elements overcome the
lack of functioning devices in the terahertz regime. By
now, terahertz SC MMs have been demonstrated by both
traditional and high temperature SCs. Various active
modulations of terahertz MM devices made from SCs
have been established, including the unique terahertz
nonlinear SC MMs.

In this review, we systematically elaborate experimental
demonstrations of terahertz SC MMs, the tuning behaviors
of their resonance performance, and theoretical under-
standing of their unique performances based on two-fluid
model and transmission line model. The presentation is
organized as follows: in Section 2, we introduce several
initial experimental efforts on terahertz SC MMs; in
Section 3, the physical mechanism of the SC MMs is
investigated; in Section 4, we discuss a number of active
terahertz MM devices based on the tunability of SCs; in
Section 5, we illustrate enhanced nonlinearity effect
induced by intense terahertz field in SC MMs made from
NbN thin film. Finally, it is concluded with the future
development tendency in SC MMs in Section 6.

2 Terahertz superconducting
metamaterials

The first superconductor MMs were made from high
transition temperature superconductor (HTS) yttrium
barium copper oxide (YBCO). In 2010, Gu and coworkers
first demonstrated temperature dependent resonance per-
formance of split ring resonators (SRRs) made from
YBCO [16]. The HTS MMs, as shown in Fig. 1, were
fabricated on sapphire substrate by using conventional
lithography methods and wet etching process. The MM
sample was lithographically fabricated from a commer-

Fig. 1 Microscopic image of YBCO SRR with structure
parameters: W =8 um. G=5um, L =32 pm and P = 52 ym [16]
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Fig. 2 Measured amplitude transmission spectra of YBCO MM
at different temperatures [16]

cially available 280-nm-thick YBCO film printed on a 500
pm thick sapphire substrate. Using a terahertz time-domain
spectroscopy system integrated with a cryogenic chamber
cooled by liquid helium, the temperature dependent
transmission of the YBCO MM with polarization of
incident electric field parallel to the SRR gap was
measured, as illustrated in Fig. 2.

The introduced terahertz field stimulates the circulating
current in the SRRs at lower frequency generating the
inductance-capacitance resonance and linear current at
higher frequency giving rise to the quadrupole resonance
[17-19]. At room temperature, the LC and quadrupole
resonances of the YBCO SRR array, at 0.65 and 1.75 THz,
respectively, appear to be quite weak due to low
conductance of YBCO. When the temperature decreases
down toward critical temperature (7;), the resonance
becomes more remarkable because of the increased current
flow in the SC film. The resonance indicates a switching
effect as the temperature crossing 7,. When the tempera-
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ture is well below T, further cooling does not enhance the
resonance much again. Comparing to the obvious
amplitude switching effect of the resonance, the frequency
shift is nearly neglectable. Since the temperature depen-
dent properties of YBCO could be the only possible
reason, all the modulation of the terahertz transmission
originates from the superconductivity in SC MMs.

The advantage of HTS is their relatively high 7. At 4.2
K, however, traditional superconducting metal such as Nb
has an efficient surface resistance lower than that of YBCO
thin film by one order of magnitude at least up to 0.3 THz
[20]. Encouraged by this benefit, Jin et al. demonstrated the
terahertz MMs integrated with Nb structures [21]. The
fabricated SC MM chose double-split-ring-resonators
(DSRR) as the unit cell as shown in the inset of Fig. 3
[22,23]. The outer and inner rings measure 120 um x
120 pm and 80 um x 80 um, respectively. All of the
widths of the rings, the distance between lines, and the split
gaps are equal to 10 um. The whole unit cell has a
periodicity of 140 um in both directions. The structures
were fabricated from a Nb film sitting on 400-pum-thick
silicon substrate. The measured transmission spectra at 6
and 26 K in two frequency ranges, i.e., 0.10 to 0.18 THz
and 0.30 to 0.55 THz, were plotted as the red squares and
blue circles in Fig. 3 with the fitting results represented by
the solid lines, respectively. It is shown that the value of
quality factor in the SC SRR array can be greatly increased
as the Nb film is in the superconducting state. There are
significant resonance dips observed respectively at 0.132
and 0.418 THz at 6 K in the transmission spectrum, while
at 26 K both resonances shrink obviously. This is because
that superconducting Nb film has a lower surface
resistance than that in normal state. This work is of great
significance to implement MM design with low tempera-
ture superconductor Nb.
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3 Modeling of terahertz superconducting
MMs

The temperature dependent response in SC MMs primarily
originates from the tuning of complex conductivity in the
superconducting film above and well below 7. In 2010,
Chen and coworkers proposed a theoretical model that
qualitatively illustrates the temperature tuning mechanism
of SC MMs [24]. A superconducting electric split-ring
resonator (eSRR) array was fabricated with dimensions
specified in the unit cell microscopic image shown in
Fig. 4. The SC MM was made from 180-nm-thick YBCO
film deposited on a 500 um thick (100) LaAlO; (LAO)
substrate, by using conventional photolithographic and wet
etching process. Under normal incidence, the terahertz
transmission spectra are shown in Fig. 5 as a function of
temperature, by using an LAO substrate as the reference.
These MMs exhibit interesting temperature-dependent
resonance strength and frequency phenomenon.

At 20K, as the temperature far below 7., the YBCO
MM exhibits the strongest resonance, as represented by the
sharpest terahertz transmission dip with the transmission
amplitude minimum of 0.05 dB located at 0.61 THz. As the
temperature increases, the resonance shrinks, gradually
broadening and reduction in amplitude of the transmission
dip was observed. The resonance frequency red shifts to a
lowest value of 0.55 THz near 84 K, giving rise to a 10%
frequency tuning. As the temperature continues to
increase, the resonance further decreases. But in contrary
to the amplitude monotonic decreasing, the resonance
frequency moves back to the higher frequencies. Con-
tribution of the LAO substrate to the MM resonance
modulation is excluded. The temperature-dependent prop-
erties of the YBCO film are responsible for the observed
MM resonance tuning phenomenon.
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Fig. 3 Amplitude transmission spectra at 6 and 26 K for two resonance modes at (a) 0.132 and (b) 0.418 THz, respectively. The solid
lines indicate the fitting results to the experiment data. Inset: Microscopic image of MM sample with the incident electric field parallel to

the gap [21]
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Fig. 4 (a) Micrograph of a representative eSRR. The light and black areas are YBCO film and the LAO substrate, respectively; (b)
dimensions of eSRR are g =4 um, w = 36 um, / = 36 um, and p = 46 um [24]
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Fig. 5 Terahertz transmission spectra of a 180-nm-thick YBCO
eSRR array at various temperatures [24]

To explain this temperature dependence, two-fluid
model is adapted to depict the complex conductivity of
SCs [25]:
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Here, f,, and f; are the portions of the hot quasipartical
carriers and superfluid electrons, respectively, n and m” are
the density and effective mass of the carriers, respectively,
and 7 is the normal carriers relaxation time. Two-fluid
model considers the conductivity of SC to be comprised of
two parts: one is expressed by Drude response correspond-

ing to the population of normal carriers and the other part is
characterized by London equation corresponding to the
behavior of superconducting electrons. Therefore, the total
conductivity ¢ is the combination of the normal con-
ductivity and the superconducting conductivity.

By using a cryogenic sample chamber integrated time-
domain spectroscopy system, Chen et al. [24] measured the
transmission amplitude spectra of both the patterned eSRR
array and an unpatterned 180-nm-thick YBCO plain film,
respectively. The minimal transmission amplitude spectra
of the MM sample and the derived real part and imaginary
part of complex conductivity in the raw film at 0.6 THz are
plotted as functions of temperature in Fig. 6.

As shown in the inset of Fig. 6, the real conductivity [Eq.
(1)], which stems from the Drude response of normal
carriers, gradually increases when the temperature
decreases to about 70 K. It then decreases slightly below
70K all the way to S0K. In contrary, the value of
imaginary conductivity is very small when the temperature
is higher than T, due to the second term of Eq. (2),
S(T > T,) = 0. As the temperature decreases below T, a
prompt increment of imaginary conductivity, crossing the
real conductivity below 82 K is observed, resulting from
the formation of superconducting electronic state .

Based on the two-fluid model, the transmittance of
YBCO film with a complex conductivity o and thickness d
could be understood in terms of an equivalent transmission
line model. By equating the (multiple) reflections and
transmissions from the film and the transmission line
model, the complex surface impedance of the unpatterned
film can be expressed as

ny + inycot (Bd 2 ~
S nz(ﬂ ) = iZ0cot (Bd), ()
2 3 2

Zs :Rs_i)(s :ZO
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Fig. 6 (a) Minimal transmission amplitude and (b) corresponding resonance frequency at various temperatures, from experiments,
numerical calculations, and theoretical simulations. The inset in (a) presents both the real and imaginary parts of the complex conductivity

of the unpatterned 180-nm-thick YBCO film at 0.6 THz [24]

where the tildes above the variable parameters represent
complex values, Z, = 377 Q is the vacuum impedance, 73

is the substrate refractive index, i1, = \/ig/gyw is the

complex refractive index of the film, g = nyw/cy is the
complex propagation constant. It is obvious that both the
real and imaginary parts of j3, therefore & attribute to the
film surface resistance R, and reactancef X;. Additionally,
considering the non-uniform current distribution in a
elementary cell, then the SC SRR array resistance R can be
acquired: R =[(4—g)/w]R,, where A4 is the average
circumference of the small current loop. The incremental
SRR resistance R is responsible for the resonance damping,
hence the transmission minimum increases as the tem-
perature goes higher. The eSRR array could be modeled as
a lumped resistor R in the transmission line, and then the
resonance transmission can be calculated as a function of
temperature, as shown in Fig. 6(a). It is obvious that the
calculated transmission is well in consistence with the
experimental and simulated results.

If an additional inductance L, from eSRRs is taken into
account besides the geometric inductance L,, the shifting
of temperature-dependent resonance frequency can also be
interpreted in this transmission line model. The frequency
of fundamental resonance in SRRs is given by

1 R
LC 4L%
where R is resistance in eSRRs, C is the effective
capacitance, and L is the total inductance, e.g.,
L =L+ L,. This is the combination of the geometry
inductance of the SRR L, and the additional inductance L
coming from the kinetic inductance of the eSRRs [26]. By
using the obtained YBCO film surface reactance X and
considering the dimensions and geometry of the SRR, L,

€)

wj =

can be derived: Ly = [(4—g)/w](X;/®), therefore, using
Eq. (3), one can calculate the temperature-dependent
resonance frequency of the YBCO MMs. Figure 6(b)
presents the measured corresponding resonance frequency
vs the temperatures, along with both numerical simulations
and theoretical calculations results.

Recently, there are several works pointing out that the
surface resistance R, of SC terahertz MMs fabricated from
YBCO film could be larger than that of copper with
temperature of 10 K and frequency at 0.5 THz and R, also
increase with the frequency even faster when compared to
copper. However, different from HTS films, the low
temperature SCs, e.g., Nb, NbN, having lower real part
conductivity and therefore lower ohmic loss, attracting
more and more attention in terahertz MMs. In 2011, Zhang
and Wu et al. found that low temperature superconducting
NbN film could work at higher frequency due to its higher
gap frequency f, = 2A¢/h=1.18 THz, where A, is the
energy gap around 0 K and # is the Plank constant [27,28].
Though they also used transmission line theory to calculate
the transmission of the SC MMs, the complex conductivity
of the low temperature SC was described in the framework
of the BCS theory instead of two fluid models [29]. The
temperature dependence of the NbN MMs is in accordance
relatively well with their calculation, proving the accuracy
of the estimation of R, based on the BCS theory.

4 Active superconducting terahertz MMs

As well known, the SC in superconducting state is
extremely sensitive to external perturbations, such as
temperature, optical excitation, magnetic field and elec-
trical current [30], providing opportunity to realize strong
resonance tuning in the SC MMs. In fact, nearly every



Xiaoling ZHANG et al. Tailoring electromagnetic responses in terahertz superconducting metamaterials 49

report about terahertz SC MMs involves at least one type
of active tuning approaches of the MM sample. These
experimental demonstrations clearly promote a promising
application of SC MMs as novel terahertz modulators or
switches.

With no doubt, the most obvious tuning method of a SC
based multifunction device is thermal tuning. As men-
tioned in Section 1, Gu and coworkers investigated the
response of YBCO MMs as a function of temperature at
terahertz frequencies and demonstrated the efficient
switching effect around the transition temperature, as
shown in Fig. 2. As explained in Section 2, the temperature
modulation of terahertz transmission in the MMs primarily
originates from the temperature-dependent conductivity in
the SC MMs. When temperature gets higher than T, the
real part of the conductivity is dominant since the absolute
value of the imaginary conductivity is three orders of
magnitude less than that of the real part. However, the
conductivity is purely imaginary due to the creation of high
density superfluid Cooper pairs as the temperature goes
down below 7. So the current in SRRs grows stronger due
to the superconducting carriers and results in a sharp
switching at LC and quadrupole resonances. This work
also reveals that at 27.4K, the LC and quadrupole
resonances could reach as low as 0.49 and 0.21 dB with
O factors of 5.3 and 14.5, respectively. Taking example of
their work, we would develop low loss active terahertz
MMs with SRRs supporting superior high Q value.

Besides temperature controlling of SC MM perfor-
mance, other modulation methods have also been demon-
strated in superconducting terahertz MMs. For example,
Singh and coworkers had established the ultrafast dynamic
tuning operation on picoseconds timescale in YBCO SRRs
excited by near infrared femtosecond laser pulse [31]. The
HTS MMs, consisting of an eSRRs square array with
dimensions specified in a unit cell shown in the inset of
Fig. 7, are fabricated from epitaxial YBCO films grown by
using pulsed laser deposition on LAO substracts. The
transmitted terahertz signals through the YBCO MM with
a thickness of 100 nm at various time delay between the
femtosecond infrared excitation and terahertz probe pulses
at 20K are shown in Fig. 7, for 50 and 300 mW optical
pump powers, respectively.

At low temperatures, a lower transmission of terahertz
radiation is observed, since the highly superconducting
YBCO film leads to the strong resonant response in the
MM structure. With the introduced photo excitation, even
higher photon energy is sufficient to break up the
superfluid Cooper pairs into quasiparticles, resulting in
significant reduction of both the conductivity and reso-
nance, hence the measured terahertz peak transmittance is
increased beginning from the pump-probe time delay
located at zero, as plotted in Fig. 7. Then about 2 ps rise
time occurred mostly due to time duration of the terahertz
pulses, which will drastically limit the time resolution. As
the pump-probe time delay continues to increase, the
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Fig. 7 Terahertz transmission of 100-nm-thick YBCO MMs
exposed to near infrared femtosecond pump. The terahertz peak
transmission is shown as a function of pump-probe time delay at
20 K with photoexcitation power of 50 and 300 mW. At Position I,
the terahertz probe pulse arrives about 5 ps earlier than the optical
pulse. It has lower transmission due to strong resonant response of
the metamateria. Positions II, III and IV indicate various pump-
probe time delays between the terahertz pulse and optical
excitation. Inset: microscopic image of a 100-nm-thick YBCO
MM unit cell. Besides, the incident terahertz pulse has the electric
field polarization along the arm of SRR for all measurements [31]

measured transmitted terahertz signal amplitude decreases
for the creation of superfluid Cooper pairs resulting from
the recombination of quasiparticles.

The terahertz transmission amplitude spectra for the
100-nm-thick MM sample are illustrated at 20 K with
different photoexcitation powers at four time delays in Fig.
8. When the terahertz pulses pass through the MM sample
a few picoseconds earlier than the optical pump pulses
(time position I in Fig. 7), the resonant transmission spectra
for various pump powers is shown in Fig. 8(a). The tiny
resulting change shows that the photoexcitation in the
YBCO MM has the minimal effect. Instantly following the
near infrared femtosecond pump (time position II), with
increasing pump power, the MM resonance is weakened
significantly and red-shifts, as shown in Fig. 8(b). Finally,
the resonance dip disappears as the pump power arrives at
100 mW. The recovery of MM resonance strength as the
pump-probe time interval increases because of carrier
relaxation, as indicated in Figs. 8(c) and 8(d) at positions
1T and IV, respectively, both of them are prior to the arrival
of the reflected optical excitation pulse coming back from
the surface of the substrate.

It is known, accelerative supercurrent term can be
strongly influenced by magnetic fields. Every super-
conductor has a critical magnetic field to maintain the
superconducting state. Therefore, it is a quite straight way
to control the SC MMs through magnetical tuning method.
Jin et al. verified that magnetic tuning of Nb MMs could
achieve larger quality factor of the resonance modes as the
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Fig. 8 Transmitted terahertz amplitude spectra of YBCO MMs
as a function of various photoexcitation powers. The transmission
curves shown in (a)—(d) are corresponding to the respective pump-
probe time delay positions -1V [31]

temperature below 7, in their first terahertz SC MM
demonstration. Terahertz amplitude transmission experi-
ments are conducted by using continuous-wave terahertz
spectroscopy system accompanied by the necessary DC
magnetic field, Hy., which is provided by a superconduct-
ing split-coil magnet. e.g., Ej, = Ey/16X,L,.

Figures 9(a) and 9(b) reveal the amplitude transmission
spectra for two resonance mode curves at 6 K under
various magnetic fields (0-1T). In Fig. 9(a), with the
increase of the magnetic field, both the two resonance
modes decrease and the shift of the transmission vs
frequency until 0.7 T can be clearly seen. Above the upper
critical field, all the transmission spectra tend to keep the
same and the resonance frequencies stop further shift. The
physical interpretation of the tuning mechanism is that the
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superconducting properties of the Nb film, for instance, the
magnetic penetration depth and critical current density, are
strongly dependent on Hy, [32,33]. As Hy, is large above
the critical field, superconductivity is quenched and the
thin film becomes normal.

Besides the SRR unit cell, other structures were also
explored in tunable SC terahertz devices. One example is
the SC spoof surface plasmons (SSPs) structure working in
terahertz regime. According to recent studies, semicon-
ductors could show remarkable plasmonic properties and
their surface plasmon (SP) frequencies mostly located in
the terahertz regime, making semiconductors efficient
materials for active control of the surface plasmon
resonance [34—36]. For SC MMs consisting of subwave-
length hole arrays, plasmonic properties and extraordinary
transmission at both millimeter frequencies and terahertz
regime have been discussed [37,38]. In 2011, Tian et al.
demonstrated a periodic array of sub-wavelength holes
made from YBCO with active thermal control method over
the extraordinary transmission [36]. The chosen MM,
made from a commercial 280-nm-thick YBCO film with
geometric dimensions in a unit cell shown in Fig. 10, is
grown on a 500-pum-thick sapphire substrate. The normal-
ized amplitude transmission response of the YBCO array
at various temperatures between 297 and 51.4K is
measured and depicted in Fig. 11.

Two resonance modes at frequencies of 0.85 and
1.16 THz with peak amplitudes transmissions of 0.69 and
0.51 dB are observed, respectively, corresponding to the
[£1,0] and [£1, £ 1] modes of SSPs. When the SC MM
is cooled down, both resonances become gradually
pronounced, and their corresponding peak transmissions
increase respectively. Finally, at a temperature below T,
e.g., 5S1.4K, the [£1,0] resonance mode with the peak
amplitude value arriving at nearly 0.97 dB, revealing a
prominent switching effect. The significant increase of
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Fig. 9 Transmission vs frequency (solid lines) at 6 K with various Hy, =0, 0.1, 0.3, 0.5 and 0.7 T (started from bottom) at (a) 0.132 and
(b) 0.418 THz. The square symbols represent the transmission spectra at 6 K with Hy, = 1 T and the solid triangle symbols represent the

transmission spectra at 26 K with zero Hy, [21]
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Fig. 10 Microscopic images of (a) subwavelength YBCO hole array on a sapphire substrate with a periodicity of P = 100 um and (b)
schematic diagram of an SRR unit cell with structural parameters [36]
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Fig. 11 Measured amplitude transmission spectra of the YBCO
MM at 297, 183, 133, 86, and 51.4 K at normal incidence [36]

transmission amplitude value originates from the forma-
tion of superfluid Cooper pairs well below T..

In this work, an active thermal control approach over the
terahertz resonant response have been achieved in a planar
array of sub-wavelength YBCO holes, the remarkable
amplitude modulation and sharp resonance enhancing
were been seen through the transmission spectra via
cooling SC MM down toward temperatures well below T..
This type of plasmonic superconducting constructures
would provide promising approaches for future design and
development of amplitude modulator or thermal controlled
terahertz functionality devices with low dissipation and
large dynamic range.

Plasmonic-induced transparency is another broadly

studied MM structure [4]. By the strong coupling between
two adjacent meta-atoms, the transmission spectrum
mimics electromagnetically induced transparency (EIT)—
a quantum effect with very high group refractive index. Wu
and coworkers designed and fabricated superconducting
niobium nitride (NbN) integrated MMs structure mimick-
ing the EIT system [39]. The schematic of the planar
terahertz MMs, with geometry dimensions illustrated in
Fig. 12, was proposed to imitate a three-level EIT system,
where the dark and radiative resonators were both
comprised of superconducting NbN thin films. From
Fig. 12(a), it is obvious that each EIT-like MM unit cell
includes a dark and a radiative resonator. The right-side
straight metal stripe performs as a dipole antenna and has
strong coupling with the incidence wave, and this straight
metal stripe serves as the radiative resonator, while the
double-gap split ring resonator (DSRR) acts as the dark
resonator. The two resonators are designed closely enough
to each other for effective coupling.

The terahertz transmission spectra of the EIT-like MM,
as shown in Fig. 12(b), were measured using terahertz
time-domain spectroscopy system. A typical EIT-like
spectral response with a pronounced transparency window
positioned between two divided resonance dips is
observed. What more important is that this EIT-like
response feature can be tuned by temperature. As the
temperature goes down from 16 to 8 K, both the two sharp
resonance dips become even strengthening and the
transmission window gradually rises. Meanwhile, the
frequency tuning behaviors of both the resonance dips
and the transparency window with the variable temperature
are also shown in Fig. 12(b).

This temperature dependence in the EIT-like transmis-
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Fig. 12 (a) Schematic of the three-level EIT-like MM. The
geometric parameters are p = 120 um, / = 64 um, W=48 pm, s =4
um, t; = t, = 8 um, g = 15 um, d = 90 um. The incident direction
and the polarization of the electric field was also indicated; (b)
transmission spectra for the three-level EIT-like MM at various
temperatures; (c) calculated group delay vs frequency at various
temperatures [39]

sion spectra can be understood as follows: 1) the higher
amplitude transmission benefits from the strengthened
coupling between the radiative and dark resonators in the
superconducting state [4]; 2) the transmission at the
transparency window increased due to reduced ohmic
dissipation in the dark resonators. Thus, the group delay, e.
g., the group refractive index of the EIT-like MM also
experiences a monotonic increase as the temperature
reduces, as shown in Fig. 12(c). The high transmission
combined with wideband tuning properties and large
delay-bandwidth product at the transparency window of
the superconducting EIT-like MMs enable promising
terahertz functional applications.

5 Nonlinear response of superconducting
metamaterials

As mentioned above, SC is utilized as a new approach to
manipulate the response of terahertz MMs. Until now,
however, all terahertz MMs have been working in a linear
domain. The notation of MMs can actually be extended to
the nonlinear regime if the elements are formed from or
contain nonlinear components [40]. In the past few years,
the rapid development of high terahertz intensity technol-
ogy enables to yield field strength reaching a few hundreds
of KV/cm. The terahertz radiation based on the titled-
pulse-front optical rectification in LiNbO; can be gener-
ated with field intensity up to several MV/cm. The record
high intensity source delivers availability for observing
and exploring ultrafast dynamic nonlinear phenomena in
the terahertz MMs.

Recently, Zhang et al. have explored nonlinear response
of a terahertz MM consisting of SRRs made from NbN
under intense incident terahertz field [40,41]. The MM is a
planar array of superconducting NbN SRRs periodically
deposited on a 1-mm-thick MgO substrate with the
incident field polarization perpendicular to the gap of the

p

Fig. 13 Schematic of the SC MM unit cell with structural
parameters: g= = 5 um, w= 10 um, a = 50 pum, and a periodicity
of P= 60 um, where £ and H represent the electric field and
magnetic field, respectively [40]
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SRRs. The schematic of the SC MM unit cell with
geometrical parameters is illustrated in Fig. 13. A typical
LC resonance is stimulated and the normalized amplitude
transmission spectra are measured with different incident
terahertz field strength at 4.5 K, as shown in Fig. 14.

) ]
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Fig. 14 Measured amplitude transmission spectra for the SC
MM with various incident terahertz field strengths at 4.5 K [40]

As incident field strength is low, e.g., E; = E,/16, the
transmission response presents a sharp resonance dip
reaching —20 dB at about 0.45 THz, and E; is too weak to
cause the remarkable nonlinearities. Then, as the incident
terahertz electric field increases from E,/16 to E;, the
resonant transmission dip experiences a reduction from
—20 to —3 dB with a small change in the resonance
frequency. Finally, at E;, = E;, the fundamental LC
resonance dip is remarkably reduced and even disap-

2.0

05F

re conductivity/(10° S-m ")

0.3 0.4 0.5 0.6 0.7 0.8
frequency/THz

(@)

peared. As a result, one would expect a substantial
variation in the transmission spectra by increasing the
strength of incident terahertz electric field, which is
ascribed to the nonlinearity of the integrated SC NbN
components.

The intrinsic conductivity of the superconducting film
which associates to the density population of the superfluid
Cooper pairs and normal carriers plays a crucial role in the
resonance property tuning of the SC MMs [41]. The real
and the imaginary parts extracted from the measured
complex conductivity of the 50-nm-thick NbN film at
various terahertz filed strengths are shown in Fig. 15,
respectively.

The density of the superfluid Cooper pairs could be
modified by the introduced high intensity terahertz field,
therefore the real part of the complex conductivity in the
SC film increases and the imaginary conductivity was
significantly suppressed with the increasing terahertz
electric field [42,43], which reasonably matches the
famous two-fluid model. By ignoring the thermal effect
induced by intense terahertz radiation, the switchable
functionality is acquired due to nonlinear response of the
MM, in which the complex conductivity of the lumped SC
NbN elements will change as the induced terahertz field
strength varies. The performance of the SC MM can been
taken as a RLC circuit model equivalently [44], in which
the amplitude transmission is associated with the effective
surface resistor R and the resonance frequency relies on the
kinetic inductance L. Using the measured complex
conductivity, the values of effective surface reactance X, =
oL, and resistance R, of the NbN film at 4.5K as a
function of the incident terahertz electric field strength are
obtained, as shown in Fig. 16.

The R ¢ exhibits a dramatical increase as Ej, increases

im conductivity/(10° S-m )

0.3 0.4 0.5 0.6 0.7 0.8
frequency/THz

(b)

Fig. 15 Real (a) and imaginary (b) conductivities of 50-nm-thick NbN thin film with different incident terahertz field strengths [40]
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Fig. 16 Effective surface reactance X; ¢+ and resistance R c¢r of
the SC NbN film located at resonance frequency 0.45 THz with
various incident terahertz field intensity from measured complex
conductivity at 4.5 K [40]

and gives rise to a prominent reduction of the resonance
dip. On the other side, X; ¢¢r (L) maintains almost invariant
due to the compensation between the increase of the
density of normal quasiparticles (strengthen the screening
capability to E;,) and the reduction of the density of the
superfluid Cooper pairs (strengthen the penetration of E;,).
Consequently, the resonance frequency of the SC MM
remains almost invariant since L, and C are nearly
unchanged under varying E;,. The nonlinear response
observed in the SC MMs is not only useful in developing
active and nonlinear terahertz devices, but also enables
approach to exploit the physical mechanisms of nonlinear
phenomena.

6 Conclusion

We have reviewed the resonance behavior manipulation
with respect to both resonance frequency and amplitude in
SC MMs under optical, thermal, and magnetic switching.
By utilizing the two-fluid-model and equivalent resistor-
inductor-capacitor circuit theory, we further elucidated the
fascinating resonance phenomena in the SRR structures by
taking into account of the unit cell resistance and additional
inductance. These superconducting MMs that are labeled
with low loss and extremely sensitive to exotic stimula-
tions would be useful in realizing active multifunctional
terahertz MMs and nonlinear devices.
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