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Abstract. Electromagnetic field scattering on a 2D array of rf-SQUIDs is considered. We show 
that the scattering changes for large amplitudes of the incident electromagnetic wave; above a 
critical amplitude, two different refraction states occur (bistability). In particular, for these two 
states, the transmitted wave polarization and angle of refraction are different. One could then 
switch the direction of propagation of the electromagnetic wave and its polarization with a 
"thin film", whose thickness is much smaller than the wavelength. 

The concept of metasurfaces introduced in the early 2000 [1] became quite popular after the 
demonstration of generalized refraction of an electromagnetic field [2, 3] by a 2D array of plasmonic 
structures. The interest in this subject is motivated by potentials for developing sub-wavelength size 
devices capable to control light, which could be a step towards high-integration optical circuits.  
Taking into account the tremendous impact of nonlinear optics on light-based technology it is of 
considerable importance to study the nonlinear properties of metasurfaces.  

The radio frequency superconducting quantum interference device (rf-SQUID) which was 
invented in 1964 [4] is a natural building block for a nonlinear metasurface. It is a superconducting 
split ring with a Josephson junction mounted in the gap.  We consider a 2D array of such rf-SQUIDs 
where each rf-SQUID has the same orientation and inclination angle θ with respect to the plane of the 
array.  The linear scattering of the normally incident plane electromagnetic wave on such an array for 
a weak incident field was studied in [5]. It was shown that the reflected wave experiences a rotation of 
the polarization (analog of Kerr’s effect); this reflected wave is oriented along the normal to a split 
ring so its direction depends only on the angle of inclination of the rf-SQUIDs. The angle of reflection 
and the polarization of the transmitted wave depend both on the angle of inclination and on the carrier 
frequency. To analyze the weakly nonlinear case following [5] we consider the system of 
dimensionless equations governing the interaction of the magnetic component of the electromagnetic 
field with the thin film containing the rf-SQUIDS  
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Here �, � are the phase difference and the losses of the Josephson junction while �  is proportional to a 
bios current in the rf-SQUID. The Thompson frequency � � 12 	� LC

T
�  of the LC - circuit (inductance 

and capacity) representing the split ring is rescaled to unity. The function nhf
��
��  is the scalar 

product of the dimensionless magnetic component of the electromagnetic field and the normal to the 
split ring, the term  fin  is a similar scalar product for the incident field, and the coefficient 
  describes 
losses due to radiation.  It should be noted that h

�
 corresponds to the transmitted field. We take 

function fin in the form of fin =kcos�t  and expand 6sin 2��� 	 sin � . After straightforward 
algebraic manipulations, (see [6]) we obtain the critical threshold of k  for the bifurcation of stationary 
solutions: 
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Figure 1. Figure shows dependence of the phase � on the detuning � of the carrier frequency from the resonance 
frequency. The line in amber is the linear response of the rf-SQUIDs, the green line is for a critical value of the 
incident field and the blue line is for the supercritical regime where there is bistability. 

The dependence of the phase � =�(�,k) on the frequency detuning � = � - �T for different values 
of k and a fixed value of the inclination angle is illustrated on Fig. 1.  Amber, green, and blue colors
correspond to a linear, critical and bistable cases respectively. The bistable regime, in accordance to 
equations (1), means the existence of two scattering configurations with different angles of refraction 
and polarizations. The transition from one state to another can be achieved by tuning the frequency of 
the incident field.   

In conclusion, we generalized results of the paper [5] for the case of a nonlinear response of the rf-
SQUDs array to the incident electromagnetic field. If the amplitude of the incident field exceeds a 
critical value (2), then there are two stable states of field refraction from the array of rf-SQUDs. 
Switching from one state to another is controlled by the detuning of the carrier frequency from the 
resonance frequency of the rf-SQUIDs.  
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