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Abstract— Sub-wavelength superconducting rf meta-

materials have evident advantages over their normal metal 
counterparts for strong diamagnetism, low-loss and intrinsically 
nonlinear tunability with temperature, dc magnetic, and rf 
electromagnetic field. These microwave properties are uniquely 
controlled through the spatial distribution of super-fluid density 
in the superconductor. The technique of low-temperature Laser 
Scanning Microscopy (LSM) is applied to investigate local 
contribution of these effects onto global rf response of 
superconducting meta-materials having different geometry of 
artificially structured magnetic meta-atoms. The main 
capabilities of the LSM technique for noncontact spatially 
resolved characterization of such structures are reviewed. 
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I.  INTRODUCTION 

Recently, there has been increasing interest in 
superconducting (SC) meta-materials due to their strong 
diamagnetic response, low loss, ultra-compact design and 
capability for a controllable tuning by temperature, rf current 
and dc magnetic field. Several conceptual papers on the 
development and applications of SC meta-materials are now 
available [1-7]. There has been a noted upturn in the number 
of publications on using of the SC quantum meta-material [8-
12]. In contrast to their normal metal counterparts, advantages 
of almost all of SC meta-materials are limited by moderate rf 
powers. These may quench the SC state as a result of 
extremely strong current densities arising locally in some 
areas of thin-film unit cells. This, in turn, produces local 
sources of microwave nonlinearity and dissipation that are 
non-uniformly distributed over planar structure of SC unit 
cells (so-called meta-atoms). Therefore, identification of these 
microscopic sources, as well as clarification of their distinct 
role playing in the manifestation of macroscopically averaged 
(global) response of SC meta-atoms, is a vital issue of 

fundamental and applied research for SC meta-materials in 
high-frequency fields. In addition, improvement of 
electromagnetic meta-material technology comes from a 
thorough understanding of the contribution of different 
defects, the topology normal and SC rf transport, as well as 
geometrical and structural features of unit cell design based on 
thin-film SC material. Therefore it is a great need for using of 
advanced methods of spatially-resolved analysis capable to 
find the 2D distribution of rf current density establishing direct 
origin of the local sources of microwave nonlinearity and 
dissipation. It has been shown earlier that the technique of 
low-temperature Laser Scanning Microscope (LSM) is a 
powerful nondestructive instrument for non-contact 2D 
probing of the local rf current density, Jrf(x, y) in thin SC films 
and microwave devices [13-15]. Furthermore, the LSM 
method was successfully used for simultaneous imaging of 
optical, thermal, and microwave properties of a large-scale (up 
to 10x10 mm2) SC structures in their operating conditions at T 
< Tc, with micron-scale spatial resolution [16]. In addition, a 
procedure of spatially-resolved separation of resistive and 
inductive components of LSM photo-response (PR) was 
developed in [13], while a procedure of LSM PR(x, y) 
calibration to determine the absolute amplitude of Jrf(x, y) and 
the changes in the surface resistance δRs is outlined in [15]. In 
this extended abstract, the target application of the LSM 
methods is briefly reviewed with focusing the main attention 
on investigation of SC meta-materials. 

II. EXPERIMENTAL DETAILS 

A. Samples 

Initially, a single YBa2Cu3O7-δ split-ring resonator (SRR) is 
LSM examined as samples under test to reveal the current 
distribution in the rings [17]. A double planar SRR structure of 
a superconducting Nb film symmetrically located around a 
normal-metal (Au) strip it will be investigated thereafter as 
meta-molecule of metal-superconductor hybrid meta-material 
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[18]. The next set of the samples are ultra-compact Nb and 
YBa2Cu3O7−δ  magnetically active planar resonators based on a 
thin film Archimedean spiral geometry [16, 19]. Besides, a 
two-dimensional regular array of SQUIDs is LSM 
characterized as an example of a tunable SC meta-surface 
[20].  

B. LSM technique 

The LSM technique uses a focused laser beam for 
scanning the surface of a planar SC meta-material with the 
propagating microwave signal. In the area illuminated by the 
laser beam, the superconductivity is locally suppressed by 
generation of the quasi particles, by breaking of the Cooper 
pairs and by heating effect of the laser irradiation. The 
microwave current is also generating quasi-particles due to the 
ac losses in superconductor. The combined effect of laser 
irradiation and rf signal is the signal of photo response (PR) 
that is proportional to the square of the amplitude of the rf 
current density. In LSM measurement, the transmitted (or 
reflected) microwave signal amplitude is registered and 
mapped after reconstruction as a function of the laser beam 
position, resulting effectively in imaging of the amplitudes of 
the microwave currents or local surface resistance in area of 
SC circuit. For more details on the LSM technique and 
methods, see [13-16]. 

III. RESULTS AND DISCUSSION 

Typical examples for the imaging of the microwave 
properties of SC meta-material are illustrated below. 
Chronologically, the implementation of negative index media 
(of electromagnetic meta-materials) has been performed with 
SRRs and thin wires [21]. The rings are used to synthesize 
some kind of magnetic plasma is needed to create the media 
with a negative permeability in a narrow rf band above 
resonance, where signal propagation is inhibited. A typical 
SRR is made of two concentric rings, separated by a small gap 

that radically decreases the resonance frequency of the system. 
Thus, one can possible to obtain resonant unit cells of meta-
material structure with dimensions only a tenth of the 
corresponding wavelength, compared to a half of a wavelength 
for the individual ring. Further, design of such unit cells was 
significantly revised to arrange more compact sub-wave 
magnetic meta-atoms in a lattice with special emphasis on its 
tenability. Thus, the illustrated examples are listed as they 
have been occurred during the progress of SC meta-materials. 

A. Single YBa2Cu3O7−δ  split-ring resonator 

Fig. 1(a) shows design of the YBa2Cu3O7−δ SRR that is 
coupled to an YBa2Cu3O7−δ micro-strip carrying the 
microwave signal. Advantage of such structure is the ability to 
tune the frequency by using three (unique to superconductors) 
methods: temperature, dc magnetic field, and rf magnetic field 
[22]. The LSM photo-response indicates the build-up of Jrf(x, 
y) in the inside corners over both rings of the single SRR for 
the fundamental mode of 5.146 GHz as viewed in Figs. 1(b, 
c). In area of the inside corners, the maximum of Jrf(x,y) may 
create an overcritical state of the SC film leading to a more 
linear (normal-metal like) behavior of the local sources of rf 
nonlinearity that is seen as a black (zero-response) zones in 
Fig. 1(d)]. In contrast, the remaining critical-state regions give 
a maximum value to the LSM PR. The results show that the 
dominant sources of microwave nonlinearity and dissipation 
are strongly localized in the resistive domains leading to a 
problem of severe degradation of the resonator Q. 

B. Superconductor/metal hybrid metamaterial 

Alternatively, some advantages can be gained from below 
demonstrated effects of the enhanced Jrf(x,y) at sharp square 
interior corners of thin film SSR. Fig. 2(a) shows the first 
mode standing wave pattern of Jrf(x,y) distribution across area 
of meta-molecule originally designed for an electromagnetic 
response analogous to media exhibiting electromagnetically 
induced transparency (EIT)—a narrow transparency window 
with large group delay [23]. The unit cells [see Fig. 2(b)] 
contain a 200 nm-thick SRR (dark element) pair made from 
Nb symmetrically located around a 2 μm-thick cut wire made 
from Cu (radiative element) on a quartz substrate [18]. Again, 
there are a few anomalously high Jrf(x,y) values visible in the 
LSM PR image plotted over the whole resonator topology due 

. 
Fig. 1. a) Experimental LSM setup for the photoresponse imaging of 

a single YBa2Cu3O7−δ  SRR along with (b) 2D LSM presentation of Jrf(x, 
y) distribution at 78 K and at Prf = 8 dBm. Parts (c) and (d) show detailed 
Jrf(x, y) for a close-up of an inside corner of the inner ring, at 5.146 GHz 
measured at Prf = 8 dBm and Prf = 14 dBm, correspondly. 

Fig. 2.  (a) rf current densities Jrf(x, y) in the upper ring of the SRR is 
shown in (b) photograph of the sample with the cut wire and the SRR 
pair. The LSM image was acquired in fundamental resonance mode of 
9.747 GHz at  input power of +18 dBm, and a temperature of 7 K. 



to modulation of super-fluid density at the edges and corners 
of the superconducting SRR. If the enhanced currents at the 
corners can reach the critical current density of the 
superconductor, the nonlinear regime might become accessible 
with the moderate microwave power levels. The effect was 
confirmed in [18] to demonstrate sharp switching event of the 
transparency windows at high microwave powers, resulting in 
a nonlinear switchable meta-material without the use of 
varactors or other lumped elements. 

C. Magnetically active planar spiral 

An extremely compact form of magnetic meta-atom has 
been made possible by the development of planar spiral unit 
cells with diameter as small as d ~ λ/658, where λ is the free 

space wavelength [24]. Such resonators have an expedient 
geometry in which the currents flowing in neighboring strips 
are in the same direction and approximately equal in 
magnitude, eliminating rf current buildup at the edges of the 
windings [25]. This provides the distribution of total current 
density to be relatively smooth within the sample as shown in 
Fig. 3(a). At overcritical current densities, a hot-spot 
formation inside a Nb thin film is evident [see Fig. 3(b)] 
establishing direct link between microscopic and macroscopic 
manifestations of nonlinearity in such structures. 

D. Double-spiral structure 

A dual-layer design of highly sub-wavelength magnetic 
meta-materials has been proposed in [26]. Practically the same 
result was obtained by us using a very simple design of two 
identical SC Nb spirals that are face-to-face capacitive coupled 
through thin layer of vacuum grease. These plane-coupled 
spiral resonators are found to have the resonances occurring at 
a much lower frequencies than ones of the originally designed 
separate spirals [see Fig. 4(a)]. The statement is confirmed by 
LSM imaging as seen in Figs. 4(b, c). We imaged a resonant 
frequency of 12.45 MHz corresponding to d ~ λ/4000 instead 
of its non-optimized design. 

E. Regular array of rf SQUIDs 

In the present experiment, we demonstrate a method to 
analyze the contribution of individual superconducting meta-
atoms to the collective response of a two-dimensional 
microwave meta-surface. The structure under investigation is 
an array of 27 x 27 Nb SQUIDs each containing one Nb-
AlOx-Nb Josephson junction. For small excitations signals, 
they are treated as magnetic field tunable resonators [20, 27, 

 
Fig. 3. 2D LSM images showing rf current distributiob in a Nb spiral 

resonator with an outer diameter of 6 mm and 40.5 turns, at the third resonant 
mode of  355 MHz, T = 4.5 K and at (a) P = 10 dBm and (b) P = 14 dBm. 
Photorespose peaks in (b) are circularly aligned along center crest of the 
Jrf(x,y) standing wave pattern. 

Fig. 4.  (a) Typical transmission data for two identical single spirals 
samples Nb1, Nb2 and their joint Nb1+Nb2 structure along with LSM 
images showing Jrf(x,y) distribution in fundamental resonant mode of (b) 
individual spiral Nb1 at 88 MHz and (c) double-spiral combination at 
12.45 MHz respectively. Detailed view of the first mode resonance of the 
double-spiral structure is shown in the inset. 

Fig. 5. Three-dimensional LSM photo-response map of 27 x27 
SQUID structure at f = 17.955 GHz imaged through (a) the whole area 
and (b) small central part. The magnitude of the PR is color-coded using 
the color-scale on the right where red and blue stand for high and low 
photo-response, respectively.. 



28]. The PR(x,y) at f = 17.955 GHz in Fig.5(a) is expected 
coherent response of the array similar to that theoretically 
predicted assuming nearest neighbor coupling in a 2D array of 
rf-SQUIDs [28]. However, the result is dramatically changing 
when a weak dc magnetic field is applied. More details on 
imaging of microwave response of rf-SQUID meta-surface in 
dc magnetic field are discussed in separate talk is presented at 
this symposium. 

 

IV. SUMMARY 

Advantages of the LSM technique are illustrated on a few 
examples of superconducting meta-materials which 
microwave properties were investigated spatially with a 
micron-scale resolution. It was shown that the LSM is a power 
nondestructive evolution technological tool as well as it can be 
applied to understand a number of fundamental problem as 
tuning and nonlinear behavior of meta-materials in rf fields.  
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