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The response of nonlinear metamaterials and superconducting electronics to two-tone excitation is 
critical for understanding their use as low-noise amplifiers and tunable filters. A new setting for such studies is 
that of metamaterials made of radio frequency superconducting quantum interference devices (rf-SQUIDs). The 
two-tone response of self-resonant rf-SQUID meta-atoms and metamaterials is studied here via intermodulation 
(IM) measurement over a broad range of tone frequencies and tone powers. 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. This quantitative understanding potentially allows for the design of rf-SQUID 
metamaterials with either very low or very high IM response.     
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The calculated Hamiltonian of a single rf SQUID 
as a function of δR and δI for rf flux amplitudes of (a) 
0.23, (b) 0.0, and (c) −0.23. (d) The color map of the 
calculated Hamiltonian as a function of δR and δI for rf 
flux amplitude of 0.23, with contours from −1 to −0.5 
with a step of 0.05. (e) The calculated Hamiltonian as a 
function of δR when δI=0 with different values of rf flux. 
(f) A zoom-in plot of the dashed box in (e). The 
transition rf flux value to bistability is around 0.22. All 
assume a center frequency of 17.35 GHz. 
 
 
 
 
 

 
 The time elapsed trajectories for  �̂�𝛿(𝑡𝑡) = 𝛿𝛿𝑅𝑅 + 𝑖𝑖𝛿𝛿𝐼𝐼  for 
one beat period calculated by (a) the dynamical model, 
(b) the numerical simulation, and (c) the steady-state 
model. The inset of (c) zooms in on the trajectory 
around the origin by five times. (d)  δ(t)  calculated from 
the dynamical model, and (e) is a zoom-in of the dashed 
box in (d) showing the ringing behavior.  
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