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Abstract STM: Scanning Tunneling Microscope SQUID: 

Superconducting Quantum Interference Device STM-SQUID
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Nonlinear terahertz metamaterial using superconducting NbN film
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Metamaterials (MMs) made from elements of artificial metallic structures have demonstrated 
exotic electromagnetic phenomena, such as artificial magnetism, negative refractive index, super 
focusing and extraordinary transmission, etc. Such phenomena can be obtained with simple 
linear metamaterials, where it has been implicitly assumed that the metamaterials interact with 
electromagnetic waves only through linear processes. However, the notation of metamaterials 
can actually be extended to the nonlinear regime if the element is formed from or contains 
nonlinear components whose permittivity and susceptibility are dependent on the intensity of 
light. A nonlinear metamaterial is no doubt to open the way to the possibility of exploiting 
nonlinear optical phenomena and further developing new applications. The recent development 
of high-field terahertz sources makes it possible for one to exploit nonlinear effects in 
conventional matter, such as semiconductors, quantum wells, ferroelectrics, metal oxides, etc, 
have been observed. In this letter, we explore the nonlinear response of a superconducting 
metamaterial in the terahertz regime, which is comprised of an array of subwavelength split-ring 
resonators (SRRs) made from superconducting niobium nitride (NbN) film on MgO substrate 
and the nonlinear response lies in the suppression of the superconductivity of NbN by the intense 
terahertz wave. As the variation of the incident intense terahertz field alters the intrinsic 
conductivity in the NbN, a consequent giant amplitude modulation is observed due to the strong 
nonlinearities. Increasing or decreasing the incident terahertz field strength, one can creates a 
sharper “off” or “on” transmission of the chosen SC metamaterial at the resonance frequency. 

The metamaterial is a planar array of superconducting NbN SRRs periodically printed on a 1 
mm-thick MgO substrate. The geometry and the notations of the dimensions of the ELC 
structure are shown in Fig. 1(b). Here, g = t = 5 µm, w = 10 µm, and a = 50 µm. As shown in Fig. 
1 (a), each piece of the metamaterial is a square array of SRR resonators with a square lattice of 
period p = 60 µm. The metamaterial was prepared following two steps. First, a 50 nm-thick NbN 
film was deposited on 1mm-thick MgO substrate using RF magnetron sputtering. The 
superconducting transition temperature (Tc) of the NbN film is about 15.4 K. Second, it was then 
patterned with standard photolithograph and reactive ion etching (RIE) method to make the ELC 
structure.

For the nonlinear transmission measurements, high-field terahertz experiments were 
performed. The intense single-cycle terahertz radiation was generated by optical rectification in a 
LiNbO3 crystal using tilted pulse-front excitation. The experimental setup consists of a 100-fs Ti: 
Sapphire regenerative amplifier (Spitfire, Spectra-Physics) operating at 800 nm with a repetition 
of 1 kHz, and a conventional terahertz detection system based on the electro-optical sampling 



technique. The terahertz beam was tightly focused onto the cryogenically cooled samples over a 
temperature range from 4.2 to 300 K. Using a pyroelectric detector (SPI-A-62, Spectrum 
Detector Inc.), we estimated the peak terahertz field strength of approximately E0=30 kV/cm on 
the sample. The incident terahertz field strength Ein could be varied fast from about 1 to 30 
kV/cm by using a pair of terahertz wire grid polarizers driven by an electric motor.

The proposed superconducting NbN metamaterial offers a highly efficient playground for a 
strongly enhanced nonlinearity and also provides a new and straightforward way for switching 
light in the terahertz regime. The switchable functionality is achieved due to the nonlinear 
response of the lumped superconducting NbN elements in the metamaterial structure, where as 
the incident terahertz field strength is varied, the conductivity of NbN will be changed and thus a 
rise or fall in transmission of the metamaterial would be obtained. The presented nonlinear SC
metamaterial exemplifies a highly functional approach with extreme sensitivity to the external 
stimuli to observe and exploit nonlinear phenomena in the terahertz regime, and strong and fast 
nonlinearities with far low losses are unique and useful to realize novel devices with integrated 
lumped nonlinear superconducting components.

Fig. 1 (a) Schematic diagram of the superconducting metamaterial structure with 
geometrical parameters: g = t = 5 µm, w = 10 µm, a = 50 µm, and p = 60 µm. (b)
Microscopy image of the superconducting terahertz metamaterial sample, where E and 
H represent the electric field and magnetic field.



Development of 3T MRI magnet with Bi-2223 tape conductor

 

TABLE I Specifications of the magnet system

 
Fig.1. The upper photograph is of the coil after winding 
and the lower photograph is of the finished 3T MRI 
magnet.
 

Diameter of the RT bore 514 mm with iron shims
Field strength

Maximum Field strength

Field homogeneity

Total tape length

Stored energy

Operation system 

Cooling system
 cryocooler



Fig. 2. Spin echo images of a Macaca brain (a), scanned 
with (b) ourHTS-MRI and (c) Siemens 1.5T Sonata.

Fig. 3. The profile of magnetic field at (upper) 1.5T and 
(lower) 3.0T. 
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