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We demonstrate a nonlinear metamaterial that can be switched between low and high transmission
by controlling the power level of the incident beam. The origin of this nonlinear response is the
superconducting Nb thin film employed in the metamaterial structure. We show that with moderate
RF power of about 22 dBm it is possible to quench the superconducting state as a result of
extremely strong current densities at the corners of the metamaterial’s split-ring resonators. We
measure a transmission contrast of 10dB and a change in group delay of 70 ns between the low and

high power states. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3696297]

The field of metamaterials—or artificial materials in
which small electric circuits replace atoms as the basic unit
of interaction with electromagnetic radiation—has made re-
markable progress in recent years.l’2 Electromagnetic meta-
materials with exotic properties such as magnetic response at
terahertz and optical frequencies, negative index of refrac-
tion, and giant chirality have been developed,z_4 with poten-
tial applications for super-resolution lenses,” subwavelength
and terahertz photonics,® and transformation optics.” Most
metamaterials designed to date show linear electromagnetic
response, sometimes tunable by external control through
temperature, mechanical adjustment, or photocarriers in
semiconductors.® Despite a wide range of potential applica-
tions,9 nonlinear metamaterials have turned out to be much
harder to design. At microwave frequencies, it is possible to
create nonlinear electromagnetic response using nonlinear
lumped elements, e.g., varactors or diodes,10 but this
approach becomes unfeasible at higher frequencies.

In this letter, we demonstrate a nonlinear metamaterial
without using lumped elements. This metamaterial (see inset
in Fig. 1) contains a 200 nm-thick split-ring resonator (SRR)
pair made from Nb symmetrically located around a 2 um-
thick cut wire made from Cu on a quartz substrate; the
details of the fabrication technique can be found in Ref. 12.
The wire couples directly to the incident electromagnetic
waves (radiative element), while the SRRs have vanishing
dipole interaction with the excitation field (dark element).
We have shown previously that this design allows for an
electromagnetic response analogous to media exhibiting
electromagnetically induced transparency (EIT)—a narrow
transparency window with large group delay.'' A high trans-
mission contrast is produced by (i) using the antisymmetric
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hybridization of the magnetic dipole resonances of the SRRs
as the dark mode to avoid magnetic dipole radiation, and (ii)
using a superconductor in the SRRs to maximize the loss
contrast between the dark and radiative resonators at temper-
atures below the critical temperature, 7., of Nb. 12

We first show that introducing superconducting Nb thin
films into the dark elements allows for an effective and sensi-
tive tuning of the RF response of the metamaterial through
changes in the superfluid (Cooper pair) density, ng, which
decreases with increasing temperature and drops to zero at
the critical temperature T...'*'* The quartz substrate carrying
the superconducting SRRs and the copper cut wire is placed

Transmission |S,,| (dB)

Group delay (ns)

10.0 10.1 10.2 10.3

Frequency (GHz)

FIG. 1. (Color online) (a) Transmission |S;| and (b) group delay spectra for
the metamolecule mounted in an X-band waveguide for a set of tempera-
tures. The inset in (a) shows a photograph of the sample with the cut wire
and the SRR pair. The labels A, B, and C are used to identify the three EIT

resonances.

© 2012 American Institute of Physics
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in the center of the crosssection of a Nb WR-90 waveguide
illuminated with the fundamental TEy, mode. After cooling
down below the critical temperature of Nb, we measure the
reflection and transmission amplitudes using a vector net-
work analyzer. In Figs. 1(a) and 1(b), we plot the transmis-
sion, |S,;|, and group delay as a function of frequency for a
set of temperatures at fixed RF input power (—10 dBm, cor-
responding to a power density of 50 uW/cm?). At 44K, we
observe three intense EIT-like resonant peaks in transmis-
sion. Each transparency window is accompanied by a large
group delay of the order of 100 ns. The enhancement in both
transmission and group delay for each dark mode weakens
with increasing temperature because of the increase in ohmic
loss of the dark element.!® Finally, at T.~9.26K, Nb
becomes a normal metal resulting in closure of the transpar-
ency windows and no enhancement in group delay. Since the
EIT resonances of the metamaterial under study rely crit-
ically on the loss difference between dark and radiative ele-
ments, the superfluid density ng in the Nb film acts as a
powerful knob to modulate the response.

The above experiment still requires an external
variable—the temperature—to modify the metamaterial’s
response.'® As soon as we introduce a superconducting mate-
rial, one could expect that the metamaterial’s response
becomes nonlinear, because of two effects. (1) The super-
fluid density depends on the magnetic field, as well as the
local current density. (2) The superfluid density depends on
the temperature, which can be a function of the local current
density. Therefore, if the incident microwave power is
increased and, hence, the current densities become larger,
these effects should appear. In earlier works, we were unable
to achieve sufficiently high power densities to reach the non-
linear regime. Recently, we realized that by deliberately
making SRRs with sharp square interior corners (which is
normally avoided because of higher loss'”), we could create
highly localized spots of enhanced current density. If the
enhanced currents at the corners can reach the critical current
density of the superconductor, the nonlinear regime might
become accessible with the moderate microwave power lev-
els of our experimental setup. This idea is confirmed by the
results of our finite-element simulations (using CST Micro-
wave Studio) shown in Fig. 2(a). We observe large current
densities flowing at the interior and exterior edges of the Nb
thin film SRR. The microwave current density is enhanced at
the edges to screen the interior of the SRRs from the electro-
magnetic fields.'"® At the interior corners, the currents are
squeezed through a thinner path, leading to very large peaks
in the current density (in our simulations, the peak values are
limited by the discretization).

This phenomenon is confirmed by our current density
measurements using laser scanning microscopy (LSM). The
LSM technique images the photoresponse, PR ~ (9|S1|/
OT)oT, where |S1;| is the reflection amplitude and oT is the
local temperature change due to laser heating. This response
is essentially resistive in nature and proportional to the local
value of microwave current density squared, .I,%F(x,y).w’zo
The LSM images of the SRR plotted in Fig. 2(b) are in excel-
lent agreement with the simulations.

Subsequently, we have examined the microwave power
dependence of transmission and group delay of the EIT fea-
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FIG. 2. (Color online) Current densities in one arm of the SRR. (a) Results
obtained using a frequency-domain electromagnetics solver. (b) Experimen-
tal LSM photo-response image. The LSM image was acquired at a frequency
of 9.747 GHz, input power of 418 dBm, and a temperature of 7 K. (c) Sche-
matic of the leftmost SRR of the sample. The dashed box indicates the area
of the SRR in which the current densities are shown in (a) and (b).

ture labeled C in Fig. 1 at 4.4 K. The results are plotted in
Figs. 3(a) and 3(b). We observe high transmission and large
group delay for input powers below 20 dBm, and a sharp
switching event that suddenly extinguishes the EIT transmis-
sion and group delay enhancement for higher power levels.
There is no gradual change as in the temperature control
experiment described above. When the input power is
increased, the current densities in the SRRs become larger,
but not large enough to heat the superconductor significantly.
However, when the large peaks in the current density at the
interior corners reach the critical value, the superconducting
state is quenched. Thus we have created a nonlinear switch-
able metamaterial in which the slowdown of electromagnetic
radiation can be turned on or off simply by modulation of
the incident power. (Note that we have observed the same
switching behavior for the peaks labeled A and B, but at
slightly larger input powers. This is because the three EIT
resonances have different current distributions in the SRRs
(different dark modes) and, therefore, different peak values
in the corners.)

Since we believe the current densities at the interior cor-
ners of the Nb SRRs to be of critical importance to the

——-40 dBm
——-20dBm
———-10dBm
——0dBm

——10dBm
——20 dBm
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FIG. 3. (Color online) Input power dependence of (a) the transmission |S»;|
and (b) the group delay in the transmission window labeled C in Fig. 1.
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FIG. 4. (Color online) Images of the LSM photoresponse in the vicinity of
the interior square corner of the Nb SRR [white square in Fig. 2(b)] as a
function of incident microwave power from +15 dBm to 422 dBm. The
images cover an area of 100 um x 100 um. (Note that the EIT sample is in a
different configuration while measured with the LSM technique compared to
the waveguide measurements shown in Figs. 1 and 3. The incident field con-
figurations will therefore be somewhat different, resulting in slightly differ-
ent critical input powers at which the transparency window is destroyed in
the two experiments.)

switching process, we have repeated the LSM photoresponse
experiments in a 100 um x 100 um area at a lithographically
defined interior corner of the Nb SRR. In Fig. 4, we see that
the photoresponse peak emerging at the interior corner of the
Nb SRR increases in magnitude and spreads out, suggesting
the development of a critical state.'”?! In that state, there is
magnetic flux generated by the microwave currents that
enters the Nb film and causes dissipation. As the critical state
extends further into the material, the dissipation leads to
thermal runaway and eventually to quenching of the super-
conductivity at 422 dBm. This in turn leads to a decrease in
the resonator’s quality factor and switching off of the EIT
features. Nevertheless, those features are fully recovered
upon reduction of the microwave power below the switching
value, i.e., there is no measurable hysteresis. By modeling
the SRR as a microwave stripline excited by the fundamental
waveguide mode, we estimate the peak current density at the
corner to be roughly 4 x 10'' A/m?. This is slightly below
the critical depairing current of Nb calculated from the
Ginzburg-Landau theory (J.=1.75 x 10'2 A/m?), but this
can be attributed to an underestimation of the peak current
density at the corner or to the critical depairing current being
smaller due to vortex entry/flow and/or heating of the
sample.

In summary, we have demonstrated a precise and sensi-
tive tuning of a superconductor/metal hybrid metamaterial
exhibiting classical EIT resonances through the modulation
of superfluid density in the superconductor. We have
observed a sharp switching event of the transparency win-
dows at high microwave powers, resulting in a nonlinear
switchable metamaterial without the use of varactors or other
lumped elements.
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