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Abstract — Establishing with minimum effort the
performances of coated conductors (superconducting-
based tapes) in terms of maximum current density is a
crucial issue in the optimization of the superconduct-
ing material. Methods with minimum requirements in
terms of sample preparation (nondestructive) are max-
imally sought. In this work we review the potential of
a contactless microwave technique based on the use of
resonators. The technique exploits the intrinsic pro-
cesses at the heart of the dissipation of a superconduc-
tor in order to assess a first, go/no-go quality test for
the superconducting material. We discuss the limita-
tions and the advantages of the proposed method as
well as the requirements for the microwave setup. Fi-
nally, we compare the microwave results to the directly
measured dc features of several superconducting sam-
ples of interest for coated conductors.

I. INTRODUCTION

Superconducting materials are the essential core of
many high-power devices. Due to the favourable cryo-
genic requirements, the use of ceramic high-T, super-
conductors (HTS) such as, e.g., YBayCu307_, (YBCO,
transition temperature 7, ~ 90 K) raised a strong in-
terest for power [1] applications (while other HTS, such
as Tl;BayCaCuyOg, -TBCCO, T, ~ 110 K, have been
proven useful in telecommunications [2]). Superior per-
formances are obtained only by appropriate engineering
of the superconducting material in order to overcome the
formation of weak links between grains and to raise the
maximum current bearable (critical current density, J.).
The ceramic nature and complex crystal structure of HTS
make conventional cables unfeasible. The so-called coated
conductors (CCs) are the present response to this issue: a
metal tape, sufficiently flexible in order to be wound in
coils, covered by a complex series of buffer layers and fi-
nally by the HTS thin film (typically YBCO, with thick-
ness of the order of 1 um, as compared to 50-100 pum for
the metal tape). Such a material is now commercially avail-
able by several sources [3, 4], but the improvement of the
performances of CCs is a continuous challenge. Beside
the increase of YBCO grain connectivity, J. can be sig-
nificantly engineered [5, 6] with the appropriate insertion
of suitably shaped defects in the superconducting matrix,
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such as nanoshaped BaZrO3 (BZO) inclusions, that hinder
the dissipative motion of magnetic flux lines. In fact, J. ~
1 MA cm~2 are now reachable. Thus, an important chal-
lenge is a reliable and quick test of the performances of
a superconducting planar material, to the least at the level
of “go/no-go” evaluation during material optimization, in
terms of grain connectivity and pinning capability. A local
test is particularly desired, since one of the major issues is
the uniformity of the performances of the superconducting
materials.

In this work we show that, by exploiting the physical
processes responsible for the dissipation in superconduc-
tors, a microwave measurement can act as a reliable, non-
destructive material test for HTS on laboratory-sized sam-
ples (typically 25-100 mm?), as well as on commercial
portions of CCs, giving reliable results on areas of ~2
mm?. This test is a valuable tool in the path toward op-
timization of the superconductor, both as a raw material

(laboratory sample) and when incorporated in a CC.

II. PHYSICAL PRINCIPLES OF THE METHOD

The subject of interest is the performances of a super-
conducting flat sample in a magnetic field. Under such
conditions, two main sources of dissipation exist: dissi-
pation due to weak-links, and dissipation due to the mo-
tion of quantized flux (“fluxons”, ®; =2.07 1071 Tm~2).
Weak links arise from weakly connected superconducting
grains, that give rise to local depressions of the supercon-
ducting properties. Fluxon motion losses arise because
a current density J exerts a force on fluxons and, unless
“pinned” to suitable defects, they move and a finite resis-
tance arises. Thus, the existence of weak-links is basically
a matter of better connection between the superconducting
grains, while hindering fluxon motion requires material en-
gineering at the nanoscale with the aim of raising the max-
imum (“critical”) current density J.(H,T') bearable with-
out dissipation, the ultimate limit to the application of su-
perconductors in a magnetic field (including the self-field).
The detrimental effect of both phenomena require different
material engineering, so it is important to identify the re-
sponsible for the losses. A dc investigation has two main
drawbacks. First, the role of weak-links might be difficult
to isolate clearly, since ‘“short-circuit” paths along well-
connected regions would mask the effect. Second, a clear



Fig. 1. Normalized microwave power dissipation in a
granular superconductor P/ Py vs. H/H,, the normal-
ized field, for different models: [7] (i), [8] (ii), [10] (iii).
The qualitative field dependence is the same.

observation of fluxon motion would require large currents,
in excess of J. ~ 1 MA cm™2. In relatively large sam-
ples this task is not trivial [11], and several technical prob-
lems must be overcome: the need to pass large currents in
a cryogenic environment; the need to pattern the sample
in a proper shape; the difficult control of the temperature
when large dissipation is induced in the sample. By con-
trast, tests on small-scale samples require patterning in the
proper shape, and this further manipulation can be unde-
sirable in the process of optimization of the material. In
many cases one needs only an indication whether a sample
presents suitable performances for further investigations,
or for the approval of a growth process, so that simpler
“quality tests” might prove useful. A microwave investiga-
tion can be very useful in these respects, as we explain in
the following.

At microwave frequencies (1-100 GHz), the electromag-
netic field probes a volume of the sample across a thick-
ness of the order of the London penetration depth A ~
200 nm (in HTS at the temperatures of interest), and all
processes are detected altogether even at low magnetic
fields. In particular, “shaking” of fluxons gives a well
detectable signal even at subcritical currents. The key to
discriminate between the two processes is the very differ-
ent qualitative magnetic field dependence: the dissipation
due to weak links increases fast and then saturates, while
the fluxon motion increases steadily, quasi-linearly. De-
spite the many possible loss mechanisms acting in weak
links (e.g.: field [7] and thermal [8] dephasing of Joseph-
son junctions between grains, motion of Josephson [9] and
Abrikosov-Josephson fluxons [10]), the field dependence
always gives a steep rise of the dissipation, followed by a
saturation: P(H) = P, x p(H/H)), as reported in Fig.
1, where P, is the high-field saturation, and H the char-
acteristic dc field for the initial increase of P(H). By con-
trast, fluxons subjected to ac currents of frequency v ex-
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Fig. 2. Plot of the fluxon motion microwave power dissi-
pation normalized to the normal state P/ P, vs. H/H s in
a thin superconductor, due to the motion of fluxons, with
different r values. v = 0 corresponds to Pinning-free flux

flow.

hibit a field-variation of the complex resistivity analogous
to a massless particle elastically bound (“pinned”) to the
position of equilibrium and subjected to a viscous drag'
[12, 13]:

. 1
p1t1p2 = pgy 1 1

— iy, /v
where pyy ~ H is the free-flow resistivity (zero pinning)
and the so-called depinning frequency v, is a measure of
the balance between losses and reactive energy. Often, in
the context of rf performances of superconductors, one in-
troduces the r parameter [9] defined as:

T = p2/p1=vp/v (2)

where the first equality is a definition, and the second
equality derives from Eq. 1. We show below that r is cor-
related to J.. Thus, the information of interest for power
applications is within 7, and requires the measurement of
both p; and ps (see Fig. 2).

1. MICROWAVE MEASUREMENTS AND
COMPARISON WITH J¢

Measurements of the microwave complex resistivity in
a dc magnetic field are easily and relatively quickly per-
formed with the use of cavity [14] or dielectric resonators
[15, 16]. We focus on the latter.? Bearing in mind that
a primary requirement is to deal with unpatterned (pris-
tine) samples, and that the test is intended for optimization
of the material, typical “laboratory” scale samples should
be examined, of size ranging between 5 x 5 mm? to 15

'We treat here only the increase of the resistivity due to an external,
dc magnetic field. We also neglect thermally induced creep of flux lines.

20ther methods, such as stripline resonators or Corbino disk setups,
while powerful, are either too complex for the purpose, or they require
patterning of the samples.
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Fig. 3. (a) Sketch of the resonator. (b) Field-induced dissi-
pation [here, p1(H )] in TBCCO: weak links clearly show
up. (c) Typical curves for p1(H), p2(H) in a YBCO sam-
ple without weak-links, and fluxon motion dominates.

x 15 mm?2. Second, microwave frequencies not too low

should be used: to have maximal sensitivity, one should
work around r ~1 (see Eq.s 1 and 2). Since v, is in the
~ 10 GHz range [17], and experiments should be directed
to samples for power application (with large r, see below),
operating frequencies v = 30 <+ 50 GHz are good candi-
dates. Moreover, high operating frequencies imply small
dimensions of the resonator and of the area probed.

We employ here a dielectric resonator consisting of a
single crystal, very-low-losses sapphire rod in the Hakki-
Coleman configuration [18], optically polished, of dimen-
sions (2.918 + 0.002) mm (height), (1.748 £ 0.004) mm
(dia.), enclosed in a metal radiation shield of 9 mm diam-
eter. The sample under study is placed as a base of the
resonating structure. Changes in the ) factor and in the
resonant frequency vy with the applied field directly yield
the changes in the complex resistivity of the film [19]:

1 1
p(H,T) = God {Q(H,T) - Q(O,T)] 3)
pa(H,T) = —2G.d |:VO(H,Z;)<0 T”‘;(O’T)] @)

where G is a geometrical factor [19] and d < A is the film
thickness [20]. We note that the determination of the rel-
evant parameter r is independent on complex calibrations
of the setup, and it is given by directly measured quanti-
ties, (@ and vy. The resonator operates at 47.5 GHz in the
T Ep11 mode, with induced currents parallel to the surface
of the sample. The assembly is placed in a cryostat that op-
erates down to 50 K. Cryogenic, non magnetic coaxial ca-
bles connect the room temperature microwave source and
the low temperature inset. The sensitivity and the accuracy
increase with increasing () factor [16, 21]. Here, @ is in the
range (0.2--1.2) x 10*. In Fig.3a we present sample mea-
surements in a TBCCO film [13] showing typical weak-
links response at low fields: from this simple qualitative
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Fig. 4. Correlation between the r parameter and the dc
critical current density J ., independently measured, in dif-
ferent sample types and operating temperatures.

measurement, one immediately concludes that weak-links
are present in the sample, with no need for any complex in-
terpretation. In Fig.3b we report measurements of p; +ips
in a YBCO thin film [6], whence r. Once one has deter-
mined on qualitative grounds that the pinning properties
of the samples can be assessed by microwave contactless
measurements, a direct comparison between the measured
r and dc J, is desirable. To this aim, we have analyzed sev-
eral samples of YBCO thin films, at different temperatures
(83 K > T > 62 K), with and without BZO defects, grown
on different substrates, by different methods and from dif-
ferent sources, including commercially available portions
of coated conductors. When only one sample of a certain
type was available, the sample was first measured at mi-
crowave frequencies, and then patterned for J. measure-
ments. Otherwise, twin samples (grown at the same time)
were used. We have selected samples where no trace of
weak-links could be detected. In all cases, we compared J,.
measurements taken at o = 1 T, and r taken at ugH =
0.5 T at the same temperature. This was made on purpose,
to compare a typical dc figure of merit (J, at 1 T, after the
typical low-field steep drop) with the r factor measured in
“easy” conditions (use of a conventional electromagnet).
Fig.4 reports a plot of  vs. J.. It is apparent that a correla-
tion exists between the microwave and dc parameters. This
fact is even more striking taking into account that the mi-
crowave measurements are performed firmly in the linear
regime, while J. is inherently a nonlinear property. Obvi-
ously, the reason for the correlation resides in the common
origin -pinning- of both properties. Nevertheless, correla-
tion over two decades in J. is a remarkable feature.

As a final consideration, we recall that fluxon dynamics
is a complex field: a qualitative assessment of the proper-
ties of a superconducting material can be performed in the
high-frequency, linear regime measurements, but the final
check on the finite assembly will require dc measurements.



IV. CONCLUSIONS

Microwave measurements in a moderate dc magnetic
field can be a useful tool to assess the quality of laboratory-
scale samples during the path for optimization of the pin-
ning properties of superconductors. By exploiting the fea-
tures of the physical processes, we have shown that weak-
links can be easily detected on the basis of qualitative
field-dependences of the losses, and we have reported sam-
ple measurements where weak-links show up. In samples
without weak-links, we have shown that measurement of
the complex resistivity yield the pinning-related parameter,
the r ratio. We have experimentally shown that r is directly
correlated to the critical current density J.. Thus, when a
nondestructive, contactless evaluation of the properties of
a superconducting material is required, measurements at
microwave frequencies can be performed.
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