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We report a superconducting sub-THz metamaterial operating in a CW-regime, which exhibits a
record-breaking resonant third-order nonlinearity with effective 7, ~ 10cm?/W. The nonlinear
response is caused by the radiation-induced resistive heating, suppressing the superconductivity in
the nano-scale constrictions of the structure’s meta-molecules. The nonlinearity has a relaxation
time of 25 us and leads to a substantial change of the amplitude and phase of the transmitted radia-
tion at intensities of only 500 W /cm?. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4943649]

Nonlinear electromagnetic response enables switching
light with light and achieving wavelength conversion.'
Applications of nonlinear optical response include high-
speed communications,” sub-wavelength biological imag-
ing,? and virtually all of modern opto-electronics. Important
cubic nonlinearity can be expressed through the complex
intensity-dependent refractive index. In case of dielectrics,
the nonlinear refractive index is real and lies in the range of
ny ~ 10714 — 10710 cmz/W.l In semiconductors, such as sil-
icone, ny ~ 10"%cm?/ W." Even stronger nonlinearity
occurs in conjugated polymers with ny ~ 1072 cm?/ w,!
and graphene with n; ~ 1077 cm? /W.4 For liquid crystals,
n ~ 1073 cm? /W is accessible, although only at sufficiently
long time-scales.’

Electromagnetic metamaterials are artificial media cre-
ated by structuring on the scale smaller than the wavelength
of the electromagnetic excitation.””’ The basic building
blocks of metamaterials, the meta-molecules, are often
designed to be sub-wavelength resonators that trap and con-
fine the energy of the incident radiation. As a result, combin-
ing a metamaterial with a suitable natural medium allows to
significantly boost the nonlinear response of the latter.

The metamaterials with nonlinear response have now
been demonstrated in the spectral ranges starting from micro-
waves and going up to visible.” A particularly important de-
velopment has been the demonstration of the nonlinear
superconductor- and semiconductor-based metamaterials in
the terahertz spectrumgf13 (100 GHz-30THz (Ref. 14)),
where most natural media do not exhibit significant nonlinear-
ities.'” Recently, it was shown that the superconducting tera-
hertz metamaterials exhibit substantial nonlinearity related to
the suppression of superconductivity by pulsed radiation with
the peak intensities exceeding 2 x 103 W/cmz.l(Hz’16 Here,
we will demonstrate a sub-THz superconducting metamaterial
with nonlinearity that corresponds to effective np ~
10cm?/W and is accessible with CW-excitation at intensities
below 1073 W /cm?.

Before proceeding, we will briefly overview the proper-
ties that make the superconducting metamaterials particularly
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well-suited for operation at frequencies up to and including
terahertz.'” The superconducting metamaterials offer low
Joule losses, sub-nanosecond nonlinear response,18_20 access
to quantum-mechanical phenomena through the inclusion of
Josephson junctions,”'* and sensitivity to light,”* magnetic
field, and temperature.”*>?° The nonlinear response of the
superconductors at terahertz/sub-THz frequencies occurs via
two mechanisms. First, large oscillating currents can heat the
superconductor, thus increasing its resistance.?’ Second,
through the induced magnetic fields, large currents can lead to
the sub-nanosecond scale break-up of the Cooper pairs, the
carriers of low-loss currents in superconductors,1m12’18’19’27729
which will also increase the resistance.

In this paper, we show that the radiation-induced resis-
tive heating, suppressing the superconductivity in a metama-
terial array, the first mechanism of nonlinear response, can
become a source of strong and fast nonlinearity. The strong
nonlinear response is achieved by confining the radiation-
induced current in specially designed nano-scale constric-
tions, leading to large current densities, as shown in Fig. 1.
The large current densities suppress superconductivity in the
constrictions, thus giving rise to the nonlinear response. The
small size of constrictions ensures that heating is strongly
localized, which also allows for microsecond cooling times,
thus offering a fast nonlinear response.

Figures 1(b) and 1(c) show our metamaterial a two dimen-
sional array of superconducting asymmetrically split ring
meta-molecules (550 um x 550 um) on a dielectric substrate.
This metamaterial has been extensively studied in micro-
wave,”” terahertz,’' ™ and optical ranges.”® The size of the
unit-cell is dictated by the substrate permittivity and the target
resonant frequency, the asymmetry of the splits in the rings
controls the quality factor of metamaterial response. The ge-
ometry of the unit cell in this paper is based on our previous
work.>*>* In the meta-molecules, the width of the supercon-
ducting arcs was 30 um. It narrowed down to just 3 um at the
mid-points of the arcs. At resonance, the maxima of the cur-
rents, induced in the metamaterial by the incident radiation,
occur at the mid-points of the arcs;* therefore, placing con-
strictions at these points allows to achieve a maximum current
density. The metamaterial was manufactured in two stages. In

© 2016 AIP Publishing LLC
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FIG. 1. Design of the metamaterial. (a) Artistic illustration of metamaterial’s
operation. The incident radiation induces currents in the metamaterial, an
array of superconducting asymmetrically split rings on a dielectric substrate.
Each ring contains two constrictions at points of maximum current amplitude.
The current density is enhanced at the constrictions, which engages the nonlin-
ear response of the superconductor. (b) and (c) The microscope pictures of the

metamaterial unit cell. Lighter areas are the niobium film (300 nm thick), and
the darker areas are the sapphire substrate (0.5 mm thick).

the first stage, a 300 nm niobium film on the sapphire substrate
(0.5 mm thick) was photo-lithographically patterned to create
the base structure. In the second photo-lithography stage, a nar-
row groove was etched into each meta-molecule along the
symmetry axis, leaving constrictions of thickness 80nm. In
both cases, ion beam milling was used to etch the niobium
film.

The metamaterial sample was housed inside an optical
cryostat and its transmission was measured at a normal inci-
dence with the radiation intensity below 100 uW/ cm?.*” The
transmission spectrum is shown in Fig. 2(a). At temperatures
below 0.~ 9K, niobium enters the superconducting state
characterized by a low sub-THz resistivity with a strong de-
pendence on the temperature.®® At lowest attainable tempera-
ture, 0 =~ 4K, our metamaterial displayed an asymmetrically
shaped transmission peak around v = 97.4 GHz, which is
known as the trapped mode resonance,*?2133343940 ¢ jg cre-
ated by the anti-symmetric current oscillations in the two arcs
of each meta-molecule, which leads to the suppression of the
net radiation scattered by the metamaterial and thus to a peak
in transmission. Increasing the metamaterial temperature, from
4K towards 0., causes a rapid increase in the Joule losses,
which, in turn, results in the suppression of the trapped mode.
Above the critical temperature (6. ~ 9 K), niobium enters the
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FIG. 2. Metamaterial transmission spectrum. (a) Metamaterial transmission
measured with radiation intensity below 100 uW /cm?. Different curves corre-
spond to different substrate temperatures. Fringes in the transmission are
caused by spurious reflections inside the cryostat as well as by small oscilla-
tions of metamaterial temperature during the frequency sweep. (b) The differ-
ence in the metamaterial transmission when measured at a high radiation
intensity (500 xW /cm?) compared to measurement at a low radiation intensity
(I = 112 kW /cm?). All measurements have been carried out at temperature
0=42K.

normal state, and the asymmetric transmission peak effectively
vanishes from the metamaterial transmission spectrum.

The level of peak transmission at the trapped mode reso-
nance in our metamaterial reaches 7.4% (11dB insertion
loss; see Fig. 2(a)); however, the insertion loss here is of
non-resonant nature and can be lowered in a number of
ways.?’ This will enable stacking the metamaterials.

Measuring the metamaterial transmission with radia-
tion intensities above 100 uW /cm? revealed a nonlinear
response.>’ Figure 2(b) shows the intensity-dependent dif-
ference in the metamaterial transmission (at 0 ~ 4.2 K), for
several representative radiation intensities. The metamate-
rial transmission exhibited a strong dependence on the in-
tensity of incident radiation around the trapped mode
resonance. At frequencies below 96.5 GHz, the transmis-
sion increased in response to the increasing intensity, whilst
at frequencies above 96.5 GHz, the transmission decreased.

To confirm that the observed difference in the metamate-
rial transmission resulted from the suppression of the super-
conducting state, the transmission was measured at a fixed
frequency 97 GHz as a function of temperature. The relative
difference in transmission, shown in Fig. 3(a), appeared only
at low temperatures, reaching almost —10% at temperature
0 =4K and at a radiation intensity of 500 uW/cm?. We
therefore argue that the nonlinear response of the metamate-
rial was related to the suppression of superconductivity.

Figure 3(b) shows the intensity-dependent phase differ-
ence in the metamaterial transmission when measured at an in-
tensity of 500 W /cm? and at an intensity of 112 uW /cm?.
As in Fig. 3(a), the nonlinear response appears only below the
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FIG. 3. Metamaterial nonlinear response at v =97 GHz as a function of
temperature. (a) The difference in the metamaterial transmission measured
at a high radiation intensity (500 uW /cm?) compared to measurement at a
low radiation intensity (Ip = 112 uW /cm?). For example, the curve labeled
500 uW /cm? shows that at temperature 4 K, the metamaterial transmission
at the intensity 500 xW /cm? will be 10% lower than the transmission at the
intensity /. (b) Phase difference of the metamaterial transmission measured
at a radiation intensity of 500 uW/cm? compared to measurement at the in-
tensity /o, as a function of temperature. The data show the intensity-
dependent transmission phase delay, which can be used to estimate the real
part of the second-order refractive index n, (inset).

critical temperature of niobium and is strengthened when the
temperature is further reduced. One can use the nonlinear
phase delay (A®) to estimate the real part of the effective
second-order refractive index of the metamaterial nge'# )
= AD/koLAI, where ky is the free-space radiation wavenum-
ber, L is the thickness of the medium, and A is the difference
in radiation intensity. The total thickness of the metamaterial,
including the substrate, is only 0.5 mm, i.e., about six times
smaller than the free-space wavelength of the incident radia-
tion (¢/97 GHz ~ 3.1 mm). For the purpose of conservative
estimate of the nonlinearity, we will assume metamaterial
thickness equal to the free-space wavelength, which results in
ngeff )~ 10 cm? / W; equivalently, the surface nonlinear refrac-
tive index is n{""*) = Ad koAl ~ 3 cm/W.

The large current densities, forced through the constric-
tions in the split-ring resonators of our metamaterial, can
give rise to nonlinear response either by heating the niobium
or by splitting the superconducting charge carriers, the
Cooper pairs, with large magnetic fields. Our analysis shows
that for niobium on the sapphire substrate, such as in our
experiments, the nonlinearity due to heating will dominate
unless the radiation is supplied in short pulses.’” The charac-
teristic cooling down time for niobium on the sapphire sub-
strate is 25 us (Ref. 33)—the relaxation time for the thermal
nonlinearity.

Faster nonlinear response, with the relaxation time
shorter than 1 ns, will occur when the current induced in the
metamaterial will exceed the critical current of the small
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constrictions (14 mA). According to our analysis,3'7 this can
be achieved at the CW-intensity level of about 200 mW /cm?
or, in the pulse regime with sub-nanosecond pulses at
100pJ/cm? fluence. By comparison, all previously demon-
strated nonlinear THz metamaterials operated in the fluence
range of 1 — 100 nJ/cmle’12 or even higher.

In conclusion, we have demonstrated a superconducting
sub-THz metamaterial, which, through nano-scale engineer-
ing of current constrictions, allows to achieve the nonlinear
response with ngeﬁ )~ 10cm? /W. The transmission change
of almost 10% has been demonstrated with the radiation in-
tensity of only 500 uW /cm?. Using the experimental data
and a realistic heat transfer model, we estimate that the non-
linear response with sub-nanosecond relaxation times shall
be observed at radiation intensities of only 200mW /cm?.
The principle behind the metamaterial operation can be
extended into the THz-range using niobium and high-T.
superconductors. The proposed type of nonlinear metamate-
rials could be used in applications such as switching, routing,
heterodyne detection, dynamic image processing, image rec-
ognition, holography, and 2D adaptive filtering of the THz
and sub-THz frequencies, complementing solutions based on
semiconductor electronics.
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