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Abstract

New potential rf applications of superconductors are
emerging with the need to operate in high dc magnetic fields
(up to 16 T) where vortex motion dictates the response: the
beam screen coating of the Future Circular Collider (FCC)
and haloscopes, i.e. rf cavities for the axions detection. We
present in this work measurements of the surface impedance
Zs up to 12 T on bulk Nb3Sn and YBa,CuzO7_ thin films by
means of a dielectric loaded resonator operating at 15 GHz.
We obtained the vortex motion resistivity and extracted the
depinning frequency, the flux-flow resistivity and the pin-
ning constant. Substantial differences are highlighted in the
high frequency pinning properties of the studied materials,
providing useful information on possible improvements in
view of applications.

INTRODUCTION

Particle accelerators have for a long time benefited by the
application of superconducting materials at radio frequency
(rf) in zero static magnetic fields, allowing for resonant cavi-
ties with very high quality factors Q and thus providing very
intense accelerating electric fields. Recently, a new field for
the application of superconductors (SC) at microwave and ra-
dio frequencies opened up, namely the search for low surface
resistance in high or very high dc magnetic fields. Examples
are the beam screen in the Future Circular Collider project at
CERN (frequencies up to f ~1.5 GHz [1], in static magnetic
fields up to B =16 T at temperature 7 = 50 K), and halo-
scopes in dark matter research (high Q cavities operating in
static magnetic B of the order of a few tesla [2]).

In the foreseen operating conditions the main source of
losses in the superconductor arises from the dissipative mo-
tion of quantized magnetic flux lines (called fluxons or vor-
tices) under the action of the alternating currents, making
the zero-field surface resistance completely irrelevant. Min-
imization of these losses involves the reduction of fluxon
motion by introducing suitable defects (vortex pinning cen-
ters). Engineered pinning centers in YBay,Cu3O7_s (YBCO)
were found to strongly improve the performances ind.c. [3,4].
Moreover, it was shown long since [5] that the same nano-
engineered defects are effective in reducing the microwave
surface resistance R; = Re(Zs) of YBCO in moderate
fields (B <1 T), by increasing the pinning efficiency (mea-
sured by the so-called pinning constant & ,) also in the high
frequency dynamics regime, although through a different
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pinning mechanism [6]. This effect was also observed in
YBCO coated conductors (CC) [7, 8], and regardless of the
pristine material anisotropy [9]. Very recently, studies up to
9 T[10] in YBCO CCand up to 12 T [11] in YBCO thin
films showed the effectiveness of artificial pinning centers
(APC) at high fields, too.

With respect to the studies in YBCO, very little is known
about the rf behaviour in the mixed state of Nb3Sn, the
workhorse of superconducting materials, promising as a
successor of Nb in rf accelerating cavities [12], in moderate
static magnetic fields.

Aim of this work is to present and compare sample studies
on Nb3Sn and YBCO. We report on microwave measure-
ments at high magnetic fields (uoH < 12 T) of the surface
impedance Zg, and extract the relevant fluxon parameters
through the established model for vortex motion, which is
discussed in the following.

MODEL AND METHODS

The high frequency complex resistivity g in the mixed
state in the linear regime is [13]

pvm+i/0-2
1+iO‘1/O’2

p= ey
where o = 0| — 0 is the two fluid conductivity and p,,,, is
the vortex motion resistivity. The vortex motion resistivity
depends on three physical mechanisms: the free motion of
vortices, leading to dissipation in the vortex core, the vortex
pinning, leading to elastic recall of the vortex with pinning
constant k ,,, and finally the thermally activated jumps from
one pinning site to another, called flux creep. These mecha-
nisms are built in the following expression:

x +iv/ve

=pg— 2
pﬂ1+iv/vc @

Pvm = Pvm,1 + ipvm,Z
where py = ®9B/n is the free-flux flow resistivity (as in
absence of pinning), n is the so-called vortex viscosity,
x € [0, 1] is an adimensional creep factor (where y = 0
means no creep and y = 1 denotes maximum creep, con-
dition in which creep completely washes out the pinning
potential yielding p,,, = pg). The characteristic frequency
v, is a combination of the creep factor and of the pinning
frequency v, = k,/(n2n), and itis v.(y = 0) = v,, (the
X = 0 model has been worked out longtime ago [14]). v,

represents a synthetic evaluation of the (relative) amount of
losses, as depicted in the plot of p,,,(v) in Fig. 1.
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Figure 1: Frequency dependence of the real and imaginary
parts of p,,, Eq. (2), plotted for y = {0.1,0.5,0.9}.

The SC resistivity at microwaves is related to the measured
surface impedance Z; by geometry-dependent relations. For
the present purposes, one is concerned with electromag-
netically thick samples (sample thickness d > max(d, 1),
where ¢ and A are the skin penetration depth and London
length, respectively), where:

1
Zg = \2nvupp = \/i271v,uo (pvm + i—) 3)
a2

where the last approximation holds for T < 0.957,.(H), and
electromagnetically thin samples, where:

z,=%

“)
The surface impedance Z; = R, + iX is here measured
by means of a dielectric loaded resonator (DR) within
a perturbation approach, where the sample under study
replaces one of the DR end-walls. For a selected reso-
nant mode, the (unloaded) quality factor Q and the shift
of the resonant frequency v, with the applied magnetic
field H, at fixed 7', are related to the field induced varia-
tions AZy(H) = Zs(H) — Z5(0), relevant for vortex dynam-
ics studies, as follows [15]:

&)

AZS(H):G[( 1 1 )_2,v,(H)—vr(O)

O(H) 0(0) v, (0)

where G is a geometric factor, numerically computed, related
to the end-wall surface portion covered by the sample.

As described in [15], the samples are placed on a base of
a cylindrical DR, loaded with a coaxial sapphire cylinder
with diameter 8.00 mm and height 5.00 mm, operated in the
transverse-electric TEg;; mode at v,, ~ 14.9 GHz. The res-
onator is placed in a He-flow cryomagnet, producing up to
12 T. The resonator parameters Q and v, are determined by
measuring, with a Vector Network Analyser, the frequency
dependent two-port scattering coefficients S;;(v) of the DR
operated in transmission and by fitting them with models
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for its resonant response. Additional effects due to various
non-idealities (microwave line partial calibration, cross cou-
pling between the resonator ports) are specifically taken into
account with extended models [16].

RESULTS AND DISCUSSION

We measured Z in a platelet of Nb3Sn and in a thin YBCO
film grown from a solution at 5% mol. BaZrO3 (Table 1),
which produces nanosize second phases of BaZrOj3 that act
as strong pinning centers [17].

Table 1: Samples

Nb;Sn YBCO
T, 179K 89.7K
shape bulk platelet  thin film
size area 30 mm?  7.5x7.5 mm?, d=100 nm
substrate - SrTiO3
growth Hot Isostatic ~ Chemical Solution

Pressure [18]  Deposition [17]

Typical measurements of AZg(H) are reported in Figure 2
at temperatures chosen to yield the same reduced temper-
ature values 7/T. ~ 0.3. The common increasing trend
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Figure 2: AZ (H) vs field H in Nb3Sn [19] (panel (a),
T = 6.0 K) and YBCO (panel (b), T = 27.0 K). Temper-
atures are selected in order to yield the same 7'/, ~ 0.3.

with B, basically due to the increase of fluxon number o B in
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the superconductors, takes different functional dependences
according to the different geometries (Eqgs. (3),(4)) [20]:
approximately oc VB in the bulk Nb3Sn and « B in YBCO
thin film. The highlighted functional depedences point to a
field dependent dominant contribution given by pg oc B (see
Eq.(2)), suggesting that the fluxon parameters exhibit little
B-dependences. We note that a direct comparison of the
absolute values of e.g. R; is of little physical significance,
due to the different sample thicknesses (bulk vs. film). A
more meaningful comparison involves the vortex motion
resistivity which is extracted as follows:

e for NbsSn, Eq. (5) is inverted to explicit p,,,, taking
oy = 1/(2avupd) with 2 = 130 nm (details in [19]);

e for YBCO, p,,(H) = AZ;(H)d, from Eq.(4).

Figure 3 reports a comparison of p,,, at T/7. =~ 0.3in Nb3Sn
and YBCO. From the comparison of p,, 1, it can be seen

8 T T L T T

P, (necm)

Figure 3: p,,, vs H as extracted from the data for Z; in Fig.2
for Nb3Sn and YBCO at the same 7T'/T,. =~ 0.3.

that YBCO exhibits lower dissipation. One also notes that
Pvm2 > Pvm.1 in YBCO (with respect to) the contrary in
Nb3Sn). In view of Eq. (2), this fact points to higher pinning
in YBCO. A quantitative analysis comes from the evalua-
tion of the fluxon parameters. From p,,,,, and assuming
negligible creep (i.e. assuming y = O; the error bars origi-
nating from this assumption have been extensively discussed
in [21]), the vortex viscosity 1 and the pinning frequency
vp (Whence k) can be extracted. The analysis of the data
assuming y = 0 in Eq.(2) results in overestimating n, and
underestimating v, and k, [21-23]. The results are re-
ported in Fig. 4, where for both the represented quantities
k, and n, the same criteria “the higher the better” holds in
the perspective of losses reduction. From Fig. 4 one sees
that YBCO (with artificial pinning centers) is favoured with
respect to Nb3Sn both in higher pinning and for lower dissi-
pation (higher 77). The field dependences bring interesting
information: k, in YBCO is essentially constant, an indica-
tion of a single-vortex pinning regime [24]; in Nb3Sn, on
the other hand, k, decreases by a factor ~2. Similarly, the
viscosities shows a Bardeen-Stephen [25] like behaviour in
YBCO, and to a slightly lesser extent also in Nb3Sn.
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Figure 4: Fluxon parameters extracted from the vortex mo-
tion resistivity reported in Fig. 3.

The comparison of the results in Nb3Sn and YBCO at the
same reduced temperature 7' /7, is instructive on different
levels. The absolute values of the vortex motion resistivity
clearly show the beneficial role (from the point of view of
the reduced dissipation) of engineered defects in YBCO.
Since this path has not been explored previously in Nb3Sn, it
cannot be excluded that novel routes toward the introduction
of effective pinning centers could bring forward NbsSn even
for rf/microwave applications in high magnetic fields. This
is reinforced by the analysis of the pinning constant, which
shows that in YBCO with BaZrO3 second phase nanoparti-
cles the vortices are individually pinned, while at the same
vortex density this is not the case in Nb3Sn.

A less positive message comes from the vortex viscosity:
at the same reduced temperature and flux density it seems
that the intrinsic losses in Nb3Sn are larger than in YBCO
(more likely, due to the lower upper critical field in Nb3Sn),
which implies (cfr. Fig. 1) a larger dissipation. This
impact both the choice of superconducting materials, and
also the strategy of the eventual pinning optimization
approach, depending on the specific application since
the potential impact of the added defects on n must be
kept in consideration. Indeed, a correlation between n
and k, can be expected, as the one observed in Nb rf
cavities when considering the residual resistance due
to trapped fluxons, interpreted in terms of the common
dependence on the electron mean free path [26]. Thus,
novel strategies for material optimization must be conceived.

CONCLUSIONS

We have presented high magnetic field (< 12 T) measure-
ments of the surface impedance of technological relevant
superconductors, Nb3Sn and YBa;CuzO7_s, in bulk and
thin film form, respectively, performed at 14.9 GHz. By
analysing the data through high frequency models for the
vortex motion resistivity, a normalized (irrespective to the
sample geometry) comparison of the vortex motion induced
losses has been proposed, highlighting the better behaviour
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of YBCO. Moreover, the relevant vortex parameters have
been extracted, which allows to ascertain the roles played by
the various vortex motion mechanisms (and corresponding
“lumped” parameters). In particular, it has been shown that
vortex pinning is important to limit losses, but cannot be the
sole focus of a material optimization process since the flux
flow resistivity brings an important contribution.
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