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We have prepared meta-atoms based on radio-frequency superconducting quantum-interference devices (rf 
SQUIDs) and examined their tunability with dc magnetic field, rf current, and temperature. rf SQUIDs are 
superconducting split-ring resonators in which the usual capacitance is supplemented with a Josephson 
junction, which introduces strong nonlinearity in the rf properties. We find excellent agreement between 
the data and a model that regards the Josephson junction as a resistively and capacitively shunted junction 
(RCSJ). A magnetic field tunability of 80 THz / Gauss at 12 GHz is observed, a total tunability of 56% is 
achieved, and a unique electromagnetically induced transparency feature at intermediate excitation powers 
is demonstrated for the first time. An rf SQUID metamaterial is shown to have qualitatively the same 
behavior as a single rf SQUID with regard to dc flux and temperature tuning.  

For further details and references, see: http://www.cnam.umd.edu/anlage/AnlageSCNIR.htm.  See 
also arXiv:1308.1410v2. 
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Center for Nanophysics and Advanced Materials (CNAM).
 
          

    
(a) Schematic diagram of the experiment showing the 
flow of rf signal from the network analyzer (at room 
temperature), through the attenuator, into the 
waveguide (in the cryogenic environment), through 
the rf SQUID biased by dc magnetic field, out of the 
waveguide through a series of amplifiers, and back to 
the network analyzer. (b) Micrograph of an rf SQUID 
meta-atom, consisting of two perforated Nb layers 
connected by a via and a Josephson junction (JJ). The 
overlap capacitance is the small rectangular region 
immediately surrounding the junction. (c) Micrograph 
of a portion of the 27 × 27 rf SQUID array and a 
single meta-atom that composes the array. (d) Circuit 
diagram of the rf SQUID modeled as an RCSJ in 
parallel with loop inductance L. 
 

 

 
 
Transmission |S21| through a single SQUID meta-atom 
as a function of frequency and rf power at fixed dc 
flux Φdc = Φ0/6 (Φ0 = h/2e = 2.07 × 10-15 T-m2) and 
temperature T = 6.5 K. The resonant response is 
identified by the red features. The contour lines for 
|S21| at -0.04, -0.03, -0.02, and -0.01 dB are generated 
by model calculations.  We use the RCSJ model to 
solve for the gauge-invariant phase difference across 
the Josephson junction δ subject to the condition that 
the total flux through the SQUID meta-atom loop must 
be an integer number (n) of flux quanta, i.e., Φ = nΦ0.  
Once the gauge-invariant phase difference δ(t) is 
known, one can calculate absorption, resonant 
frequency, S21(ω), etc.  The dashed line indicates the 
model-determined resonant frequency [minimum of 
|S21(ω)|], which closely follows the data.
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