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ABSTRACT

We examine the collective behavior of two-dimensional nonlinear superconducting metamaterials using a non-contact spatially
resolved imaging technique. The metamaterial is made up of sub-wavelength nonlinear microwave oscillators in a strongly cou-
pled 27� 27 planar array of radio-frequency Superconducting QUantum Interference Devices (rf-SQUIDs). By using low-
temperature laser scanning microscopy, we image microwave currents in the driven SQUIDs while in non-radiating dark modes
and identify the clustering and uniformity of like-oscillating meta-atoms.We follow the rearrangement of coherent patterns due
to meta-atom resonant frequency tuning as a function of external dc and rf magnetic flux bias. We find that the rf current distri-
bution across the SQUID array at zero dc flux and small rf flux reveals a low degree of coherence. By contrast, the spatial coher-
ence improves dramatically upon increasing the rf flux amplitude, in agreement with simulation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5064658

Planar arrays of deep sub-wavelength dimension supercon-
ducting (SC) resonators have recently gained increasing atten-
tion due to their potential use as nonlinear metamaterials, i.e.,
engineered media whose electromagnetic response can differ
dramatically from natural materials. Arrays of coupled SC reso-
nators can be used for controllable routing and manipulating
electromagnetic wave propagation in the range from radio-
frequency (rf)1,2 through the THz3,4 domain. Demonstrated
effects include electromagnetically5 and self-induced broad-
band transparency,6 negative magnetic permeability,7 polariza-
tion rotation,8 Fano resonance,9 and multi-stable states.10

Extensive progress on the development and applications of SC
metamaterials has been achieved.2,11–20 It has been shown that
such SC structures have significant advantages over their
normal-metal counterparts allowing reduced losses by several
orders of magnitude, shrinking the size of artificial meta-atoms,
and achieving tunable frequency of operation by means of mac-
roscopic quantum phenomena.16,20

Traditional SC metamaterials are composed of compact,
self-resonating spirals and split-ring resonators (SRRs) of different

designs.1,15,16,18,21 Potentially, these structures could be used
for switching,5,10,22 and tuning, by virtue of the dynamic range
of controllable manipulation of their resonances with external
stimuli.23,24

There has been great interest in using radio-frequency
Superconducting QUantum Interference Devices: rf-SQUIDs as
meta-atoms.2,7,11,12,16,19,20,22,25,26 Contrary to the SRR and SC spiral,
the rf-SQUID incorporates an extremely tunable nonlinear
inductor, arising from the Josephson effect, when a Josephson
junction (JJ) is incorporated into a SC loop. The loop geometry
adds the macroscopic quantum property of flux quantization,
which in turn allows one to conveniently control the Josephson
inductance through the magnetic flux applied to the loop.27 The
benefits of the rf-SQUID system were originally presented theo-
retically in the context of an artificial atom with discrete energy
levels12 and extremely strong nonlinearity.25,28 This system can
exhibit negative and/or oscillating effective magnetic permeabil-
ity which can be wide-band tuned together with the resonance.

Recent experiments on rf-SQUID-based meta-atoms have
lived up to most if not all of the theoretical expectations.17,20 It
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has been shown that the rf-SQUID meta-atoms have a rich non-
linear behavior arising from the nonlinearity of the Josephson
junction.10,29 In the case of small rf drive, the tuning capability of
the single rf-SQUID is an nU0-periodic function (n is an integer)
of the flux quantum U0 ¼ h/2e, while dc magnetic flux (Udc)
dependent variations of the resonant frequency can reach up to
80THz/Gauss.27,30,31 Furthermore, the rf-SQUID demonstrates
undistorted, high-Q resonances under tuning by Udc.

27,30–32

However, degradation of dc flux tunability and hysteresis behav-
ior has been documented at increased temperature T and rf flux
amplitude Urf.

6,10,27

Since the advantages of classical rf-SQUID-based meta-
materials are defined by a collective response of oscillating meta-
atoms, their natural and/or forced frequency (and phase)
synchronization accompanied by coherent tunability are of para-
mount importance. As with any nonlinear discrete structure, there
is a competition between self-organization and destruction of the
collective resonant behavior due to disorder33 and nonlinearity.
The degree of spatial-temporal coherence (i.e., frequency and
phase synchronization of themeta-atoms)34 of rf-SQUIDmetama-
terials was previously examined experimentally and theoretically
in terms of the collective globally averaged transmission proper-
ties.35 However, many magneto-inductive modes of the metama-
terial exist that have very weak coupling to a uniform microwave
excitation.36 Examination of these dark modes33 and their nonlin-
ear evolution requires amicroscopic form of investigation.

The phenomenon of incoherence in large populations of
interacting SQUIDs is the subject of intense theoretical and
numerical research,8,27,35,37–40 and in particular, there are clear
predictions for the development of Chimera states in rf-SQUID
arrays20,41 (see Refs. 19 and 42 for a review). Here, we present
images of the microscopic states and site-dependent coherence
of nonlinear and disordered arrays of strongly coupled rf-
SQUIDs.We address several important questions: (1) Can coher-
ence be induced by large-amplitude rf driving flux? (2) Does the
structure of synchronously coupled rf-SQUIDs remain stable
under dc flux tuning? (3) How is this structure spatially modified
in the presence of disorder (e.g., due to randomly distributed
imperfections during fabrication) and dc flux gradient?

The investigated SC metamaterial consists of 27� 27 rf-
SQUID meta-atoms equidistantly arranged in a square array
with a lattice constant of 83lm as shown in Figs. 1 and S1 (sup-
plementary material). These rf-SQUIDs are formed on a Si sub-
strate using trilayer Nb/AlOx/Nb Josephson junction (JJ)
technology. More details on array fabrication, microwave design,
global experimental characterization, and rf simulation of similar
rf-SQUID arrays have been described in Refs. 27, 29, 36, and 43
and the supplementary material.

The spatially resolved technique of laser scanning micros-
copy (LSM) has been employed in the past to image rf current
densities and local sources of nonlinearity through a controlled
thermal perturbation of superconducting microwave circuits.
Thermal perturbation of a dc nano-SQUID has been used before
to image local dissipation,44 and a preliminary study of rf-SQUID
LSM has been published.45 A simplified schematic of this setup is
shown in Fig. 1. The rf-SQUID array is placed on a cooled quartz
rod between the walls of a specially designed rectangular

copper waveguide which has 14� 7 � 80mm3 interior dimen-
sions (single propagating mode from 10.6 to 20GHz). The rod
fixes the array in a region of homogenous rf magnetic field in a
way that the magnetic vector of the traveling TE10 mode is pre-
dominantly perpendicular to the x-y plane of the SQUIDs. Note
that the waveguide to coaxial cable transitions are impedance
matched, and the single propagating mode provides the rf flux
bias to the array. A circular opening in the waveguide wall pro-
vides LSM access to the rf-SQUIDs for 2D laser probing of their
microwave properties, as well as visible-light reflectivity imag-
ing, which allows for proper alignment of photo-response (PR)
images. Two superconducting Helmholtz coils are glued to the
waveguide to introduce a homogenous dc magnetic flux orthog-
onally threading the loops of the rf-SQUIDs. The entire con-
struction is surrounded by mu-metal shielding to shield the rf-
SQUIDs from environmental magnetic and electromagnetic
influences. Additionally, its temperature is stabilized at T0

¼ 4.5K in a specialized optical cryostat with an accuracy of 1 mK,
excluding any thermal drift of resonance frequency.

In this work, the rf-SQUIDs are stimulated by a low input rf
power PIN ¼ �60dBm, corresponding to rf flux amplitude Urf

� 10�4U0.
36 The sample is directly illuminated with a laser beam

(wavelength 640nm and laser power PL ¼ 10lW) that is focused
into a 20lm diameter spot, which is smaller than a single rf-
SQUID but larger than a Josephson junction. Its intensity is
reduced within the LSM optics down to 3.2� 102 W/m2 and
modulated at a frequency of fM� 1MHzwhile the absorbed radi-
ation produces a periodic heating dT < 1 mK underneath the
laser probe (see supplementary material). This laser-beam-
induced perturbation is low enough not to change significantly
the spatial distribution of resonating currents in the array. The
probe scans point-by-point in a raster pattern over the exam-
ined area of the array. The maximum area of the LSM raster is
5� 5mm2 while the minimum step size between its discrete
points is 1lm.

FIG. 1. Schematic representation of the LSM setup used for 2D visualization of
microwave photo-response of the rf-SQUID metamaterial. LNA is the low-noise
cryogenic amplifier, while RT is a room temperature rf amplifier. The red line
denotes the scanned laser beam, while the green circles show the dc magnetic flux
coils. Drawing is not to scale. The inset illustrates the LSM optical reflectivity image
in a 500� 250 lm2 area of the array.
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Under these conditions, the dominant effect of the laser
beam perturbation is a change of the temperature dependent
tunneling critical current Ic of the probed JJ, resulting in the
(oscillating at fM) modification of its Josephson inductance
LJJðT;UappÞ ¼ U0

2pIc cos d, where d is the gauge-invariant phase dif-
ference on the junction and Uapp ¼ Udc þ Urf sin ð2pftÞ. This
causes, in turn, a periodic modulation of the resonant frequency
f0 of the rf-SQUID

f0ðT;UappÞ ¼
1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Lgeo
þ 1
LJJðT;UappÞ

 !�1
C

vuut
; (1)

which also oscillates under laser modulated heating. Here, Lgeo is
the geometric inductance of the rf-SQUID loop and C is the
shunt capacitance of the JJ such that fgeo ¼ 1=2p

ffiffiffiffiffiffiffiffiffiffiffiffi
LgeoC

p
is the

geometric resonance of the SQUID loop in the absence of a
Josephson effect, assuming that the electrodynamics of the
SQUID is described by the resistively and capacitively shunted
junction (RCSJ) model.46

The laser beam induced differences between perturbed
and unperturbed resonances cause a modulation of transmitted
rf power PRðUapp; fÞ � dPOUTðUapp; fÞ � djjS21ðUapp; fÞjj2, where
S21( f) is the spectral response of the forward transmission coeffi-
cient through the waveguide at frequency f. This signal is the
LSM photo-response (PR) that is amplified by 67dB, converted
with a crystal diode to voltage dV(t) signal and, after demodula-
tion by a phase sensitive lock-in (SR844) technique, is used to
create local voltage contrast of the images presented below.

In the regime of weak linear perturbation (Urf � U0; dT
� Tc), and excluding nonlocal and nonequilibrium effects (see
Ref. 47 and references therein), the resonant spectrum of the
LSM PR(Uapp, f) can be modeled48–51 through additive contribu-
tions from two different origins. The first contribution is due to
the shift of the resonant frequency profile f0(T, Uapp) under laser
illumination. As depicted in Fig. 3 of Ref. 27, a local temperature
rise in a SQUID under illumination decreases the critical current
Ic, resulting in a shift of f0 at a fixed Udc. This PR component due
to the f0 shift is called inductive PR49

PRX / PIN
@jS21ðUapp; fÞj2

@f
df0; (2)

where PIN is the input rf power, and PRX can be positive or nega-
tive, depending on Uapp and f.

The second origin for PR is due to the change in quality fac-
tor Q. As the local temperature rises under the laser illumina-
tion, the dissipation increases from the quasiparticle current
flowing via the tunneling resistance RN of the JJ, decreasing the
Q of the jS21j resonance dip, resulting in resistive PR,49 which
has a uniform sign as a function of frequency or flux49

PRR / PIN
@jS21ðUapp; fÞj2

@ð1=2QÞ dð1=2QÞ: (3)

Thus, the evolution of photoresponse with frequency or dc
flux helps to reveal its origins. Note that both PRX and PRR are

proportional to the local rf current squared under the laser illu-
mination, at least in the linear response regime.48–50 (see Sec. S9
of the supplementary material) As a result, the photoresponse is
dramatically reduced outside the resonant spectrum of the rf-
SQUID.

With the LSM, we first have the opportunity to probe the
global tuning properties of the rf-SQUID metamaterial through
a measurement of the local PR from a single SQUID in the mid-
dle of the array as the globally applied Udc/U0 is varied over sev-
eral periods. The resulting PR(Udc, f) from the JJ in a SQUID near
the center (12-th row, 14-th column) of the array over the range
of f¼ 10.6GHz (cutoff frequency of the waveguide) to 20GHz
(the maximum measurement frequency of the LSM electronics)
is shown in Fig. 2. A clear tunability of the resonant response of
the meta-atom with dc flux is evident, consistent with earlier
results obtained through global transmission measurements of
the entire metamaterial.6,7,27,31 The periodic tunability of the res-
onant response (bright areas in Fig. 2) vs. magnetic flux is clearly
visible with maximum value at Udc ¼ nU0, while a minimum of f0
is achieved at Udc ¼ (nþ 1/2)U0, where n is an integer. The
strong PR features are reasonably well described by a simulated
curve27,36 for f0(T, Uapp) from Eq. (1), shown by the orange line,
assuming that LJJ varies through all values of cos d as a function
of flux.

Additionally, despite observing a similar degree of tuning
capability in all of the locally probed rf-SQUIDs in the array, we
measured that their individual resonances are widely distributed
over the full flux range. In other words, there is a significant
spread of natural resonances when a small rf driving flux
(10�4U0 in this case) is applied to the rf-SQUIDs (see supplemen-
tary material S5).

We now address the smeared out LSM PR of a single rf-
SQUID in the array close to zero dc flux as shown between 17
and 20GHz in Fig. 2. This PR is distinctly different from that of a
single isolated SQUID (Fig. S5 of the supplementary material).
Figure 3(a) presents the experimentalUdc¼ 0 cut of PR from Fig. 2.
On the basis of the global transmission measurement,6,7,27,31

FIG. 2. Measured LSM photo-response of an individually probed rf-SQUID near the
middle (12-th row, 14-th column) of a 27� 27 rf-SQUID metamaterial as a function
of frequency and reduced external dc flux Udc/U0 at �60 dBm rf power (Urf

� 10�4U0) and 4.8 K. The resonant response is outlined by the brightest areas in
a false color presentation. The orange solid line containing green circles of refer-
ence frequencies is calculated from Eq. (1).27,36
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one would naively expect PR(Udc ¼ 0, f) to exist only at one fre-
quency, namely, f ¼ f0(T, Udc ¼ 0). However, this profile of LSM
PR(Udc ¼ 0, f) displays a spectrum of resonances in the wide
range of 18.5–20GHz, which is the range of expected
magneto-inductive modes of the metamaterial.36,39 We find
that the shape of this profile is scarcely modified with variation
of dc flux up to 0.2U0 and thus we limit the spatially resolved
LSM PR investigation only to the frequency domain. Two-
dimensional LSM imaging of the resonant pattern formation
was done by scanning the entire area of the array by the same
laser spot that was used for the local probing. A typical
scanned frame consists of 600�600 points of PR. Only reso-
nating rf-SQUIDs are visible, with the PR being dominated by
bright spots at the locations of the associated JJs.

In Fig. 3(b), we present LSM photo-response observed at
the isolated PR resonance near 18.9GHz [see Fig. 3(a)]. At an
input rf power of PIN ¼ �60dBm (Urf � 10�4U0), roughly half of
the rf-SQUIDs show large-amplitude PR spatially grouping
together in the left part of the array, with virtually no PR on the
right side of array. As seen in Figs. 3(c)–3(e), starting from
f¼ 19.45GHz and up to 19.9GHz, the distribution of excited
SQUIDs is spatially varying as a function of driving frequency.
Their structure forms stationary patterns of large clusters
showing response of the rf-SQUIDs having nearly degenerate
resonances. Also, LSM images in Figs. 3(b), 3(d), and 3(e) contain
dissipative response (PRR) from limited numbers of defective JJs
(details are given in supplementary material Sec. S8). The

diagonal movement of the PR structure from the upper right to
the lower left corner of the array with the increase in rf fre-
quency [Figs. 3(c)–3(e)] implies a gradient in either rf-SQUID
properties or perhaps in the dc flux applied to the metamate-
rial.27,36 A similar experimentally observed (but not illustrated)
diagonal redistribution of the LSM PR under varied global DC
flux can also be noted, and such an effect is described below.

A pattern with strong spatial coherence involving a majority
of the rf-SQUIDs is formed by applying a stronger rf driving field
at PIN¼�40dBm (Urf� 10�3U0) as shown in Fig. 3(f). One can see
a dome-like distribution of strongly responding rf-SQUIDs which
is expected to occur in systems of coherent rf-SQUIDs in the
lowest-order magneto-inductive eigenmode of the array.35,36,39

Such a transition was observed in simulations of a 21� 21 array as
the driving amplitude activated the nonlinearity.36

The next question to examine is the influence of small var-
iations of external dc magnetic flux on the spatial stability of the
coherent state. For this purpose, we apply an external dc flux
Udc ¼ 0.35U0 to obtain at an arbitrarily chosen frequency f0
¼ 14.4GHz < fgeo a coherent pattern under PIN ¼ �45dBm (Urf

� 5.6� 10�4U0) with the same distribution of LSM PR as shown
in Fig. 3(f). Additional DC flux increases with equal steps DUdc

¼0.02U0 to explore the spatial evolution of this pattern under
magnetic detuning in a flux regime showing strong tunability.
The upper row of LSM PR images in Fig. 4 shows resonant pat-
terns of the rf-SQUID oscillators starting from Udc ¼ 0.35U0

þ0.02U0 while the bottom row presents the LSM images for
conjugated Udcwith an increase by 2 or 3 flux quanta.

The observed coherent states are clearly different from the
dome-like structure in Fig. 3(f). The distributions in Figs.
4(a)–4(c) demonstrate progressive excitation of the SQUIDs near
the geometric edges of the array. The SQUIDs near the edges of
the array witness a different combined dcþ rf flux because they
have fewer nearest neighbors than those in the center of the
array.35,36 As the dc flux is tuned, the edge SQUIDs come into
resonance, at the expense of those in the middle of the array.

FIG. 3. (a) Frequency dependence of the LSM PR of an individually probed rf-
SQUID located near the center of the array, at zero dc flux, �60 dBm rf power (Urf

� 10�4U0), and 4.8 K. (b) 3D and (c)–(f) 2D LSM PR maps showing the shape
and position of resonant clusters at different frequencies of (b) 18.87 GHz, (c)
19.47 GHz, (d) 19.66 GHz, and (e) 19.89 GHz. (f) Pattern of PR at 17.91 GHz pro-
duced by 100 times increased rf power, Pin ¼ �40 dBm (Urf � 10�3U0). (g) An x-
line cut of PR through the center line of the array [yellow line in (f)].

FIG. 4. DC magnetic flux dependent clustering of the spatially coherent pattern in
the 27� 27 rf-SQUID array that is generated by small steps of extra applied dc flux
(starting from Udc ¼ 0.35U0) of (a) 0.02U0, (b) 0.04U0, and (c) 0.06U0.
Modification of the coherent structure by integer flux quanta of (d) and (e) 2U0 and
(f) 3U0. The image in (f) is presented in 3D to clearly show the development of
clusters. Here, Prf ¼ �45 dBm (Urf � 5.6� 10�4U0) and f¼ 14.4 GHz are fixed
through (a)–(f).
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The na€ıve expectation is that nU0 flux quantization in the
array will lead to repetition of the same spatial pattern at any n
of additional DC flux bias. Figures 4(d) and 4(e) demonstrate that
this is true to some extent. However, small distortions and the
development of a number of additional clusters are evident
compared to the structure shown in Figs. 4(a) and 4(b). A fre-
quency splitting of the rf-SQUID metamaterial global response
was noted earlier at U0 and 2U0.

35 Hence, we believe that these
spatial features arise from two effects: (1) increase in the DC flux
gradient35,36 and (2) spatial modification of resonating currents
caused by defective SQUIDs.

In summary,we have visualized the microscopic dark-mode
states of a large nonlinear metamaterial structure using the LSM
technique. The spatial variation of rf-SQUID excitation can now
be elucidated while tuning driving frequency as well as dc and rf
flux amplitudes. Our experiments show that the degree of
coherence of the SQUID excitations is strongly enhanced for
larger rf flux amplitude and is diminished by defects and inho-
mogeneous DC flux.

See supplementary material for the referenced discussion.
The raw data are available in Ref. 52.
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