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ARTICLE INFO ABSTRACT

Keywords: High-energy heavy-ion irradiation is known to produce effective vortex pinning centers in the high-T, cuprate
YBaCuO films superconductors, as amorphous columnar tracks. However, while the beneficial effects on pinning has been well
Nb3Sn films

established through dc and low-frequency characterizations, the same analysis in the high-frequency regime is
far from complete. Even less investigated are the effects of heavy ion irradiation on the microwave properties
of metallic low-7, superconducting films. Here, we report on the effects of 1.15 GeV Pb irradiation on the high
frequency properties of YBa,Cu;0;_, (YBCO) and Nb;Sn thin films. The microwave analysis, performed in the
range 7-8 GHz, allows obtaining the fundamental properties of both the materials, as the London penetration
depth and gap values, and of the main pinning parameters, through the determination of the Campbell length
by measurements in dc magnetic fields up to 4 T. GeV heavy-ion irradiation confirmed to be extremely effective
for YBCO also in the high frequency regime, enhancing both the pinning constant and the depinning frequency,
thus pushing the critical current density to about 30% of the depairing current density. On the other hand, the
discontinuous but correlated defects produced in Nb;Sn was found to be ineffective to enhance the pinning
properties (the pinning constant in fact decreases), while the observed increment of the depinning frequency
is ascribed to the reduction of the vortex viscosity, in turn due to the growth of the normal state resistivity.

Microwave superconductivity
Ion irradiation

Vortex pinning

Microwave coplanar resonators

1. Introduction

In order to exploit superconducting coatings for technological ap-
plications, an overall understanding of their behavior in specific condi-
tions is needed. Recently, the demand of a full analysis of the response
of superconducting films in the high-magnetic-field and high-frequency
conditions stemmed from the interest to built efficient SRF axion or
axion-like particle detectors, called haloscopes, to address fundamental
questions concerning the physics of the dark matter [1].

Within this framework, an effort is currently made towards the full
characterization of the microwave properties of superconductors when
the contribution of vortices to dissipation is paramount, i.e. at fields
of the order of few to several tesla. A great help in building efficient
vortex dynamics models comes from studying the effects of disorder,
modifying the vortex pinning landscape and thus affecting the vortex
motion in a wide range of frequencies. A powerful tool to do this is
ion irradiation, introducing controlled defects at the nano-scale in the
material [2,3].

High-energy heavy ions are known to produce, in superconducting
cuprates, amorphous tracks of insulating material that are discontinu-
ous or continuous depending on the ion species and energy. The key
parameter is the electronic stopping power, .S,, that is the amount of
energy per unit length released to the target electrons via inelastic
collisions. If S, is higher than about 20 MeV/um, columnar defects
are expected in YBCO, and have been indeed observed [4,5]. The
beneficial effect of these columnar defects in enhancing the vortex
pinning properties of cuprates high-7, superconductors is known from
decades [6,7], but while in literature this has been extensively reported
through dc and low-frequency characterizations, similar investigations
for the high-frequency regime did not reach the same level of detail [8—
12]. Latent tracks induced by heavy ion irradiation were also studied
in the iron-based superconductors [13], and their influence on the high
frequency properties was elucidated [14,15].

In more conductive metals or metal alloys, the conditions to obtain
amorphization along the ion track are more difficult to achieve [16].
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For experiments with heavy ions at the energy of a few GeV, the
formation of dislocation loops is expected, clustering in the wake of
the incident ion, as it was observed in the case of other metallic targets
in similar conditions [17]. Understanding whether these discontinuous
but correlated defects are good pinning centers or not is one of the
purposes of this paper.

Specifically, in this paper we report on the effects of 1.15 GeV Pb
irradiation on the high frequency properties of YBa,Cu;0,_, (YBCO)
and Nb;Sn thin films. The microwave characterization is based on
the analysis of the response of coplanar-waveguide-resonators (CPWRs)
patterned on the thin films under study.

The paper is organized as follows. In Section 2 we report on exper-
imental details concerning the deposition of the films, the preparation
of the devices for the microwave analysis, the high-frequency mea-
surements and ion irradiation. In Section 3.1 the zero-field microwave
characterization and the determination of basic properties of the mate-
rials, as the London penetration depth, is shown. Then, measurements
in magnetic field are introduced and the way to extract the Campbell
length is reported. In Section 3.2 the main pinning parameters are
deduced within the Gittleman and Rosenblum approach, addressing the
high-frequency vortex motion response. The ion irradiation effects are
described in Section 3.3 for YBCO and Section 3.4 for Nb;Sn. Finally,
summarizing remarks and conclusions are given in Section 4.

2. Experimental details

The deposition of a set of three Nb;Sn film samples on Al,O; sub-
strates was carried out at INFN-LNL by DC magnetron sputtering using
a 4” commercial Nb;Sn target (composition: 75% Nb, 25% Sn; purity:
99.99%). The substrates are mounted inside the UHV chamber on a
holder plate, coplanar to the target and at 9 cm distance from it. The
films were deposited according to the following process: the vacuum
system was baked-out for 24 h at 670 °C prior to the sputtering process,
which allowed reaching a base pressure of 107 mbar at 650 °C. The
deposition process was carried out in argon atmosphere at 2-10~2 mbar
with the substrate temperature set at 650 °C. The power applied to
the target was about 16 W (current regulated with the current fixed at
0.05 A, corresponding to an average voltage of 320 V). The deposition
was carried out for 200 min, corresponding to a final film thickness of
360 nm, assessed via AFM. A post-process EDX (Energy Dispersive X-
ray) analysis showed for the deposited films a Sn content of 26.2 at.%,
and FESEM showed a granular structure, with an average grain size of
approximately 140 nm.

Nb;Sn CPWRs were patterned using laser lithography on a 1.5 ym
thick layer of AZ3421E resist. An hardbake of 5 min at 120°C was
performed to ensure a higher resistance of the resist to the etching thus
reaching the suitable selectivity for the Nb;Sn films used (around 1 to
1). The etching process was performed with an ICP RIE from Oxford
technologies using 90 sccm of SFy at 15 mTorr. An ICP power of 800 W
and a RF table power of 40 W were chosen to optimize the balance
between physical and chemical etching, with the aim of obtaining sharp
and vertical sidewalls, and to avoid underetching. A laser end point
detection was employed to stop the process.

Two Nb;Sn CPWRs were considered for this study, henceforth
named N#1 and N#2. For dc electrical resistivity measurements, also
100-pum-wide Hall bars were patterned.

250-nm-thick YBCO films were grown on MgO substrates via reac-
tive thermal co-evaporation by CERACO ceramic coating GmbH (so-
called “type M”, with optimized critical current density) [18]. The two
YBa,Cu;0,_, CPWRs considered for this study, henceforth named Y#1
and Y#2, beside Hall bars for dc resistivity measurements, were ob-
tained by standard photolithographic process followed by wet etching.

A standard four probes technique (bias current polarity inversion
and measurement averaging) was used to measure the dc resistivity vs.
temperature. The critical temperature defined by means of the midpoint
transition criterion is T, = 17.0K for Nb;Sn and T, = 87.5K for YBCO,

Superconductivity 13 (2025) 100149

1200 —— 1.000
1000 o
& é 0.996 o exp
» e fit
800 - & i
()
— 1 ]
€ ¢
£ 6004 : 0.992 i
5 T (K
< T Nb,Sn ®
400 - s-wave -

A(0)=3.35 meV
2 (0)=310 nm

YBCO A(0)=20 meV
d-wave % (0)=166 nm

——fit Eq.1
0 Y T T T I T 7 T

20 40 60 80
T (K)

Fig. 1. (A) YBCO and Nb;Sn London penetration depth vs. temperature, deduced from
fitting the normalized resonance frequency (shown in B for the case of YBCO, see
the text for details). The fitting curves shown in A as red lines are based on Eq. (1)
(parameters reported in the graph).

the normal state resistivity at the onset of the transition is p, = 50 pQcm
for Nb;Sn and p, = 65uQcm for YBCO, and the residual resistivity
ratio is RRR = p(295K)/p(17.5K) = 2.26 for Nb;Sn and RRR =
p(290K)/p(90K) = 3.76 for YBCO, in accordance with literature [19,20].

The microwave characterization is based on the measurement of
the resonance curves of the CPWRs, i.e. of the complex transmission
coefficient (ratio of the transmitted voltage to the incident voltage) as
a function of frequency, by means of a vector network analyzer. Reso-
nance curves were measured in the range 7-8 GHz for different values
of temperature and DC magnetic field [21]. In all the measurements,
the external magnetic field was applied perpendicular to the film plane.

Devices were irradiated at room temperature and in vacuum with a
1.15-GeV Pb ion beam at the PIAVE-ALPI facility of the INFN Laboratori
Nazionali di Legnaro, Italy, up to a fluence of 1.5 - 10! cm=2. This
fluence corresponds to a dose equivalent field (the magnetic field
ideally needed to fill each ion track with a flux line) of B, = 3 T. Ions
were directed perpendicular to the film plane and implanted into the
substrate at a depth of 40.0 yum for YBCO on MgO, and at a depth of
36.3 um for Nb;Sn on sapphire, as calculated by means of the Monte
Carlo code SRIM [22]. No significant changes were detected after
heavy-ion irradiation in the Nb;Sn transition temperature and residual
resistivity ratio, while the normal state resistivity increases by about
3%. Conversely, after irradiation, YBCO T, p, and RRR take the values
86.5 K, 101 pQcm and 3.32, respectively.

In Section 3.4 we also report measurements on a Nb;Sn CPWR
irradiated with 1.5-MeV protons to a fluence of 4 - 10'°cm=2, for
comparison. In this case, we used the AN2000 facility of the same INFN
laboratories. The implantation depth of protons in sapphire is 16.7 yum
and after irradiation we measured 7, = 16.1K, p, = 61 puQcm, and
RRR = 1.95.

3. Results
3.1. London penetration depth and Campbell length

The analysis of the response of the CPWRs allows obtaining the
absolute value of the London penetration depth, 4;, as described in
detail previously [21]. Fig. 1A shows both the cases of YBCO and
Nb;Sn, as deduced from fitting the normalized resonance frequency as a
function of temperature, f,(T)/f,(T}), where T, is a fixed temperature
value, selected among the lowest ones. An example of fitting curve is
shown in Fig. 1B (see Ref. [21] for details, where all the expressions
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needed to connect the normalized resonance frequency to the geom-
etry of the CPWR and to the physical quantities as the penetration
depth are given). In brief, the fit is made by assuming a starting
parametric expression for 1;. We chose the quite general form A, (T) =
ALO[1=(T/ TC)V]_I/ 2. which is suitable to describe different possible
scenarios, depending in particular on the value of the exponent y, that
we leave as a free fitting parameter. From the fit, it resulted y = 4.0 for
Nb;Sn, in accordance with s-wave symmetry and strong coupling [23].
For YBCO, we found y = 2.1, in agreement with several literature
reports [24-27]. This A;(T) dependence is incompatible with the BCS
theory, while it is consistent with the extended d-wave symmetry of
the order parameter [28] or with the d-wave symmetry in the presence
of significant impurity scattering [29] (see the Supplementary Material
for further details).

The London penetration depth curves in turn can be analyzed to ob-
tain other fundamental parameters such as the low-temperature value
of the energy gap. To this aim, we follow the approach of Ref. [30] and
consider

-1/2
E dE d¢

2z ) F)
M =2,0) |1+ l/ / of _EdEd$
7 Jo Jagr) OE \JEZ _A2(¢,T)

where A(¢,T) is the gap function and f = [I+ exp(E/kBT)]_1 is
the Fermi function. The angular and temperature dependencies of the
gap can be factorized and approximated as A(¢,T) = A(PAT) =
A(¢) tanh {1.82[1.018(T./T — 1)]>5!}. The angular gap function is A(¢)
= Ajcos(2¢) for d-wave (nodal) superconductors, while no angular
dependence is considered for s-wave superconductors.

For Nb;Sn, we chose an s-wave form for 4 and we found a reason-
able agreement with data for 4(0) = 3.35meV (Fig. 1). For YBCO, we
assumed the d-wave form and got A(0) = 20 meV. Both the values are in
agreement with the literature. Also the low-temperature values of the
London penetration depth are in good agreement with literature, with
the quite high value for Nb;Sn (above that expected for a clean stoi-
chiometric Nb;Sn) due to granularity, as recently reported in Ref. [31]
for sputtered films.

This basic zero-field characterization of Nb;Sn films gives values
that are self-consistent and consistent with literature also for the com-
bination of Sn content (26.2 at.%), critical temperature (17.0 K, mid-
point), RRR (2.26), energy gap (4(0) = 3.35meV), and quite high
normal state resistivity (p, = 50 pQcm) [32-34]. The latter value is also
crucial for understanding the vortex dynamics parameters and their
modifications, as shown below.

In measurements in the presence of a static magnetic field, one
should consider that in the mixed state a complex resistivity term, p,,,, =
Pym1 + iPym2> due to the presence and dynamics of vortices, must be

(€Y

added to the surface impedance, Z; = R, +iX; = 1/iuyw (p + p,,,), that

can be rewritten in terms of the Campbell length, 4., and conductivity,
oc [35]. In the thin film approximation, when the Pearl length must be
considered, this reads

202 3,3 ,8
- ww3
ZX:\/— Odz (A3 +2%) +i Od“ L (o) +0c)

Ac = \4/ pvm,Zdz/ (Mow) %)
Ooc = pvm,1d4/ (Mngii)

where o, is the quasiparticle conductivity and d is half the thickness
of the film. We recently described in Ref. [35] the process to extract
the Campbell length by comparing measurements with and without
magnetic field, within the bulk limit. In the same way, but within the
thin film approximation, it turns out that

L R(H.TP — R(O.T}
i w?

Ac(H,T) = (/A(H,T)4 - 2,0,T*—d

3
2d3 [Ry(H,T)A(H,T)* = Ry(0,T)4,(0,T)?] ®

oc(H,T) =
‘ 2P A (0,T)8
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Fig. 2. Campbell length vs. magnetic field (A) and temperature (B) for the YBCO CPWR
Y#1.

The resulting A, is shown in Fig. 2 for YBCO as a function of
magnetic field (panel A) and temperature (panel B).

3.2. Pinning parameters within the GR approach

The vortex pinning parameters can be estimated by using the Git-
tleman and Rosenblum approach [36] (GR model, henceforth), the
simplest way to model the high frequency vortex motion response that
is basically described by the equation

JN2Dy —na— k,u+F,, = mi (©)]

where u is the displacement, @, is the flux quantum, 2 is the direction of
the magnetic field, 5 is the vortex viscosity, k, is the pinning constant,
and F,;, accounts for thermal fluctuation effects. Within the GR model,
flux creep and vortex line bending are considered negligible,! and the
complex vortex motion resistivity is given by

Pom = M ; (5)

n l1=iv,/v

Here, a new parameter is introduced, the depinning frequency v,,
a combination of previous parameters, v, = k,/(2zn). It is usually
considered as a sort of quality factor for high frequency applications,
being the upper limit beyond which vortex motion dissipation prevails,
i.e. a pinning regime is defined for v < v, and a flux-flow regime for
v > Vp'

Through the previous equations it is possible to express the pinning
parameters as a function of the Campbell length and conductivity. The
expressions for the depinning frequency, the vortex viscosity and the
pinning constant in the thin film limit are as follows:

A4d?
Vp = C—g (6)
2mpgoc Ay )
&, Bd
n= 2,22 8 (; 4 2,,2,2~2 716 ™
4r’pgviocdy [1 + Acd /(471' HgVio oAy )]
k,=2mv,n 8

These parameters are reported in Fig. 3 for YBCO CPWRs, as a
function of magnetic field at low temperature and as a function of
temperature for two values of applied field. Data reported in the panels
A, B and C show a reasonable sample-to-sample variability in the
comparison between data obtained by two different CPWRs, prepared
from films deposited in different runs, at years of distance. Especially
at high fields, the values from the two CPWRs nicely match. From the
comparison with the literature [37,38], one can conclude that the films

1 in the case of the thin films in transverse magnetic field under study, a
multi-frequency analysis (not shown here) validated these assumptions.
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under study show rather high pinning constants, reflecting an optimal
pinning capability. Moreover, the pinning constant allows evaluating
the critical current density, J.: an expression of J, valid under the
assumption of single vortex pinning and short range potential (effective
radius of the pinning potential equal to the coherence length &) can be
obtained by equating the Lorentz force and the pinning force, resulting
in

J, = k,&/®, ©

On the other hand, the depairing current J,, can be expressed within
the Ginzburg and Landau theory as [39]

Jyp =D/ (3*PrpgiiE) (10)

Thus, both J. and J,, can be reliably estimated by means of the
parameters we obtained by the microwave analysis, and assuming &
from literature. It turns out that, for pristine YBCO at low temperatures
and at the applied field of 1 T, for the two samples Y#1 and Y#2
J.=4-6-10" A/m?, corresponding to a ratio J./J,;, = 0.11 — 0.13,
for &£ = 1.0nm [40] (further details in the Supplementary Material),
i.e. J./J,, around 10%, which is a standard value for YBCO with good
but not optimized pinning landscape [41].

The pinning parameters for two Nb;Sn CPWRs are shown in Fig. 4.
Again, the sample-to-sample variability is rather narrow. The depinning
frequency seems to be very high, if compared to the values reported in
literature for this material in its standard compositions [42]. Indeed,
Fig. 4A shows values up to about 30 GHz that are much higher than v,
we have found in other metallic Nb-based superconductors like NbTi,
by means of similar deposition technique, device design and microwave
analysis [35,43]. This apparent anomaly is addressed below, by study-
ing the effects of irradiation. As for the pinning constant (Fig. 4B),
the Nb;Sn values lay between the higher values for YBCO (Fig. 3E)
and the lower ones for NbTi [35]. Pinning in Nb;Sn is supposed to be
given mainly to grain boundaries. From the pinning constant and from
Egs. (9) and (10) (and assuming & = 3nm [44]) it turns out that, at
low temperatures and uyH = 0.25T, for the two samples N#1 and N#2
J.=3.6-58-10""A/m* and J,/J,, = 0.13—0.17 (further details in the
Supplementary Material). This values match literature reports, where
the highest pinning niobium compounds have shown critical currents
of about 15% of Jap [45].

3.3. Heavy ion irradiation effects on YBCO

From the above analysis, it would seem hard to increase further the
pinning capability of these YBCO films. On the other hand, as stated
in the Introduction, heavy-ion irradiation-induced columnar defects
have proven to be among the most efficient pinning centers in YBCO.
However, their effectiveness also in the high frequency range has
not been investigated at the same level of details as for the dc/low
frequency regime. Therefore, we irradiated the YBCO CPWR Y#2 with
1.15 GeV Pb ions, up to a dose equivalent field of B,=3 T.

Before starting the high-frequency analysis, we checked the quality
of the columnar defects by measuring the irreversibility line (1 L) before
and after irradiation (Fig. 5). The ILs were determined from the dc
resistive measurements as the temperature at which the resistivity
equals 10% of the normal-state resistivity, to approximate the line
above which the critical current drops to zero. In Fig. 5 it is shown
that, after irradiation, the /L becomes steeper, at fields lower than
B, If at low fields a worsening was observed after irradiation (related
to the enhanced charge-carrier scattering), at about yyH;,, = 1.5T a
crossover occurs between pristine and irradiated curves, confirming
the high pinning efficiency of the columnar tracks. A change of slope
can be observed in the irradiated IL between u,H,, = B,/2 and
HoH},, = 2B, /3. In accordance with Refs. [46,47], this kink can be the
signature of a transition from a single-vortex pinning regime provided
by the columnar defects to a weaker and collective pinning regime.
This finding suggests that, at fields lower than the one at which the
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Fig. 3. Vortex pinning parameters for the YBCO CPWRs, as a function of magnetic
field, for two devices Y#1 and Y#2 (left column) and as a function of temperature,
for Y#1 at two magnetic fields (right column): (A),(D) depinning frequency; (B),(E)
pinning constant; (C),(F) viscosity.
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Fig. 4. Vortex pinning parameters for two Nb;Sn CPWRs, vs. temperature: (A)
depinning frequency; (B), pinning constant; (C) vortex viscosity.

above-mentioned kink occurs, the I L can be considered a Bose-glass
melting line. This line can be reported in terms of reduced temperature
(temperature divided by T,) as a function of field, 73,;(B), and can be
determined by fitting the low-field data with the relation [47]:

t,.(B)+1t,y

1+7y an

tgg(B) =

where 7, (B) is the melting line of the vortex lattice in the absence
of columnar defects, here obtained via a polynomial fit of I L before
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Fig. 5. (A) Irreversibility lines estimated from the dc resistive measurements before
and after irradiation. (B): Same as in (A), as a function of the reduced temperature
T/T,. The blue curve is a polynomial fit of the before-irradiation I L, used to determine
t,,(B), whereas the red curve represents the best fitting curve of the low-field region
of after-irradiation 7L with Eq. (11).
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Fig. 6. Pinning parameters of YBCO Y#2 vs. magnetic field, before (black) and after
(green) heavy ion irradiation: (A) depinning frequency; (B) pinning constant; (C)
pinning constant fractional shift after irradiation, at two temperatures; (D) vortex
viscosity.

irradiation (see Fig. 5B), and t,, T,,/T. and y are the fitting
parameters. T,, represents the maximum temperature at which the
columns are effective pinning centers (that in principle could be lower
than T,) and y can be expressed as y = bg/ (16a&,,(0)G'/?), where
in turn b, is the confining diameter of the columnar defects, a is the
average distance between the columns (a = /®,/B, = 25.9nm for
B, = 3T), £,(0) = 1.2nm is the coherence length, and Gi = 0.004 is
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Fig. 7. Pinning constant of YBCO CPWR Y#2 vs. temperature, for two magnetic field
values, before and after heavy ion irradiation. The inset shows the fractional shift of
the pinning constant after irradiation (red and black dotted curves; some points are
reported to show the errors).

the Ginzburg number. The best fit, shown in Fig. 5B, was obtained for
to, = 0997 +0.001 and y = 1.06 + 0.06. Noteworthy, this value of y
gives b, = 5.8 nm, i.e. a value totally consistent with the diameter of the
irradiation-induced columnar defects in YBCO [48]. In conclusion, this
dc analysis confirms the formation of highly-effective columnar pinning
centers in the YBCO films under study, after 1.15-GeV Pb irradiation.

Then, the modifications produced on the pinning parameters at low
temperatures were investigated by the microwave analysis, and are
reported in Fig. 6, as a function of the magnetic field. One can notice a
clear improvement of the pinning constant (panel B). In the graph C it is
shown that this improvement is not monotonic, and that the fractional
shift of k, displays a broad maximum at a field between B,/2 and
2B, /3. This means that the optimal matching between the vortex lattice
and the columnar defect array occurs at the same fields where the dc
analysis showed the kink in the irradiated I L. The panel A shows an
increased depinning frequency, that is due both to the improvement in
the pinning capability and to the decrease of the viscosity at low fields
(panel D), in turn due to the increase of the normal state resistivity.

The increase of the pinning constant for the irradiated CPWR was
also investigated as a function of temperature. It is shown in Fig. 7 for
two values of the applied magnetic field. The fractional increment of
k, is reported in the inset, showing that the highest enhancement is at
low temperatures and for fields lower than By, that it is still present but
lower for fields higher than B, and that it is absent at temperatures
above about 60 K.

As for the current densities, both J, and J,, are affected by irradi-
ation: the former is expected to increase due to enhanced pinning, the
latter to decrease due to enhanced charge-carrier scattering (that in the
case of high-energy heavy-ion irradiation is mainly provided by small
defects produced by secondary recoils around the columnar tracks). At
low temperatures and at the applied field of 1 T, the irradiated Y#2
shows J, ~ 8-10!! A/m?, higher than the value before irradiation. Also
the J,/J,, ratio is increased. It has been reported that this ratio cannot
reach values much above 30% [6,45], in the ideal case of columnar
defects when thermal relaxation can be neglected. Indeed, we obtained
J./J4p =0.26 (for & = 1.0nm), therefore our result probably represents
the experimental achievement of the optimal vortex pinning state in
YBCO.

3.4. Heavy ion irradiation effects on Nb;Sn

As stated above, the depinning frequency for the Nb;Sn CPWR
results to be very high. This apparent anomaly can be due either to
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Fig. 8. (A) depinning frequency, (B) pinning constant, (C) vortex viscosity, for Nb;Sn
before (black) and after (green) heavy ion irradiation. The curves are shown as a
function of temperature for an applied magnetic field of 0.25 T.

extremely good pinning or to low vortex viscosity (see Eq. (8)), in
turn due to high normal-state resistivity (for the v, dependence on the
mean-free-path see also Ref. [49]).

To investigate which is the actual reason for the v, anomaly, we
changed the pinning landscape by heavy ion irradiation. In fact, in this
case the irradiation experiment had a twofold aim. Beside investigating
the origin of the v, anomaly, we wanted to check the efficiency of the
defects produced by GeV heavy ions in the metallic Nb;Sn. As discussed
in the Introduction, we expect in this case clusters of dislocation loops
along the ion path, rather then amorphous tracks as in YBCO. Therefore
the question arises whether these linearly correlated structural defects
behave like columnar defects in YBCO, in terms of pinning efficiency.

Fig. 8 shows that 1.15 GeV Pb irradiation is not able to enhance
pinning in Nb;Sn, on the contrary k, slightly decreases (panel B). Also
the viscosity decreases, of a similar amount (panel C), thus giving a
practically unchanged depinning frequency (panel A). In other words,
in this case the increase of normal state resistivity after irradiation
“masked” the worsening of the pinning capability, keeping v, to an high
value.

To understand whether this mechanism can be pushed further, we
tried to increase much more the charge carrier scattering, by intro-
ducing a high density of small defects. This was done by 1.5-MeV
proton irradiation up to a dose of 4 - 10'®cm=2. Results are shown in
Fig. 9. The irradiation-induced defects are not as effective as pinning
centers and probably irradiation negatively affects the main pinning
mechanism active in the pristine material, i.e. the grain boundary
network. However, the vortex viscosity reduction is much stronger, thus
pushing v, to even higher values. This result shed more light into the
issue of the v, anomaly: its high values in the pristine material could be
ascribed to the fact that, due to Sn excess, the normal state resistivity
of these films is quite high. The issue deserving further investigation is
the fact that quantitatively # and p, modifications after irradiation do
not seem to fit the Bardeen-Stephen formula n = ®,B,,/p,.
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Fig. 9. Effects of proton irradiation on the Nb;Sn film (black: pristine, blue: irradiated):
(A) depinning frequency, (B) pinning constant, (C) vortex viscosity vs. temperature for
an applied magnetic field of 0.25 T.

4. Summarizing remarks and conclusions

A careful high-frequency analysis of two key materials, YBCO and
Nb;Sn, promising as coatings for a number of applications, was carried
out by means of a technique based on the use of coplanar waveguide
resonators. Zero-field rf measurements allowed characterizing funda-
mental properties of the materials, such as the London penetration
depth and the energy gap. Data for both the materials showed internal
self-consistency and consistency with literature, and thus allowed fixing
some parameters useful for the following analysis. Rf measurements
were then performed with DC magnetic fields up to 4 T, to investigate
the vortex dynamics contribution to dissipation and in general to the
response of the devices. The Campbell length and conductivity can be
estimated and used to express the main pinning parameters, within the
Gittleman and Rosenblum approach to model the high frequency vortex
motion response. Finally, the CPWRs were irradiated with 1.15 GeV
Pb ions and the effects of the resulting defects were investigated by
repeating the whole characterization on the same devices.

Amorphous columnar defects induced in YBCO by GeV heavy-ion
irradiation confirmed to be extremely effective in the high frequency
regime. They enhance both the pinning constant (reaching about 2 -
10°N/m? at 5 K and 1 T) and the depinning frequency (overcoming
100 GHz), thus pushing the critical current density to about 30% of
the depairing current density. This result is among the best ones re-
ported in literature for columnar defects in YBCO. Beside testifying the
achievement of the optimal pinning condition, it confirms the reliability
of microwave techniques for the investigation of general properties of
superconductors.

On the other hand, the same Pb ions did not enhance vortex pinning
in Nb;Sn films, in agreement with the fact that this kind of irradiation
in metallic films generates clusters of dislocation loops along the ion
path rather than amorphous and continuous tracks. It turns out that
these discontinuous but correlated defects are ineffective to enhance
the vortex pinning properties. In fact, the pinning constant decreased
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after irradiation. We observed an increment of the depinning frequency,
but this is ascribed to the reduction of the vortex viscosity rather than
to a pinning effect.
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