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Abstract— We summarize work on the nonlinear properties
of radio frequency Superconducting Quantum Interference
Device (rf SQUID) based metamaterials and discuss how this
platform enables new applications. The metamaterials show
extreme tunability of their resonant response, ranging in
principle from 10’s of GHz to zero frequency, all within the
tuning parameter range of one half flux quantum of magnetic
field. They also display strong and tunable intermodulation
response and can be used for amplification and mixing. We also
investigate the “dark modes” of oscillation of the rf SQUID
metamaterial through a microscopic investigation of the status of
each SQUID in the array while in operation under cryogenic
conditions. These images reveal very complex behavior of the
metamaterial in the low excitation strength limit. Surprisingly,
we find that large rf flux amplitudes change the metamaterial
response and tend to erase defects and disorder to create
coherent oscillations of the array.
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I. INTRODUCTION

Metamaterials are made up of closely-spaced “meta-
atoms,” each of which is nominally identical and is designed to
create some non-trivial interaction with electromagnetic fields.
The meta-atoms are much smaller than the wavelength of the
electromagnetic waves, and thus create a coarse-grained
collective response to the fields. One can thus create effective
media that are endowed with new properties not available in
nature, such as negative refraction or the ability to re-direct and
manipulate light in novel ways.

In the distant past rf SQUIDs were used to measure low-
frequency magnetic fields through the change in mutual
inductance between the (non-resonant) SQUID and a nearby
resonant rf tank circuit. The simplest rf SQUID is a
superconducting loop that is interrupted by a single Josephson
junction. We have taken the rf SQUID in a new direction by
treating it as a stand-alone resonant meta-atom which is driven
by external dc and rf magnetic flux [1-6]. The rf SQUID
combines two macroscopic quantum phenomena, namely flux
quantization and the Josephson effect. This allows one to
utilize an external flux in the loop to effectively control the
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gauge-invariant phase difference § on the Josephson junction.
This in turn allows one to control the Josephson inductance
Lyi=®¢/(21 I(T) cosd), where @ is the magnetic flux quantum,
I«(T) is the temperature dependent critical current of the
junction, and the gauge invariant phase & runs from 0 to 2x as
the dc magnetic flux in the SQUID loop varies from 0 to ®,.
The rf SQUID is thus an LC-resonant circuit with variable
inductance. The Josephson inductance can be tuned through
positive and negative values as the dc magnetic flux is varied,
creating an extreme degree of tunability. We can design the
SQUID such that the geometric inductance of the loop can be
exactly canceled by the negative Josephson inductance, which
permits tuning of the SQUID self-resonance from the
microwave domain to dc [6].

II. OVERVIEW

Through experiments, numerical simulations, and analytical
theory we have explored the behavior of strongly nonlinear 0D,
1D, and 2D rf SQUID metamaterials, which show extreme
tunability and nonlinearity [6-8]. Because the rf SQUIDs are
intrinsically nonlinear, it is interesting to study the collective
nonlinear properties of large ensembles of strongly coupled
meta-atoms. The coupling is achieved by mutual inductance of
the SQUID loops, and this interaction can be of long range.
Through this coupling we expect to create non-trivial collective
response of the metamaterial.

III. EXPERIMENT

The rf SQUID metamaterials are measured in a waveguide
geometry that provides a uniform rf magnetic flux bias to the
SQUIDs by means of the passing electromagnetic wave that is
used to measure the transmission scattering parameter S»;. For
a single SQUID, the transmission shows a sharp dip as a
function of frequency when an rf SQUID resonance is
achieved. For the full rf SQUID metamaterial, there are many
collective modes of oscillation. There is one such mode that
involves a strongly phase-coherent oscillation of all the
SQUIDs and results in a sharp absorptive minimum in Sy vs.
frequency. Many other modes of oscillation of the
metamaterial exist [9], but these have very small scattering
cross section with the passing electromagnetic waves [8, 10].
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These “dark modes” of oscillation can be visualized and
studied by means of our laser scanning microscope [10].

IV. INTERMODULATION RESULTS

We investigate the SQUID metamaterial as a nonlinear
medium through detailed two-tone intermodulation (IM)
measurement over a broad range of tone frequencies and tone
powers [11]. A sharp onset followed by a surprising strongly
suppressed IM region near the resonance is observed. Using a
two time-scale analysis technique, we present an analytical
theory that successfully explains our experimental
observations.  The theory predicts that the IM can be
manipulated with tone power, center frequency, frequency
difference between the two tones, and temperature [11].

V. LSM IMAGING OF RF SQUID METAMATERIAL DARK MODES

The spatial response of the rf SQUID lattice under
cryogenic conditions and rf and dc flux bias is investigated
with a laser scanning microscope (LSM). LSM photoresponse
images at zero dc flux and low rf flux bias show no evidence of
large-scale coherent response from the rf SQUID lattice.
Instead we find small clusters of coherent SQUIDs adopting a
variety of resonant frequencies. Spatial synchronization of the
rf SQUIDs occurs under increased rf flux bias,[10] in
agreement with our earlier results based on global transmission
measurements and simulation [8, 12]. Motivated by many new
theoretical studies based on our experiments [13 - 20], we
expect that many other interesting collective behaviors, such as
Chimera states,[13 — 15, 17, 19 - 20] will be discovered in this
remarkable nonlinear metamaterial.
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