
17 July 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Combined microwave analysis of vortex pinning and HAADF-STEM structural characterization of YBCO films with
columnar defects / Ghigo, G., Scuderi, M., Fracasso, M., Gerbaldo, R., Torsello, D., Gozzelino, L.. - In:
SUPERCONDUCTIVITY. - ISSN 2772-8307. - 18:(2026), pp. 1-10. [10.1016/j.supcon.2026.100265]

Original

Combined microwave analysis of vortex pinning and HAADF-STEM structural characterization of YBCO
films with columnar defects

Publisher:

Published
DOI:10.1016/j.supcon.2026.100265

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/3013033 since: 2026-07-13T13:09:37Z

Elsevier



Contents lists available at ScienceDirect

Superconductivity

journal homepage: www.elsevier.com/locate/supcon

Research Article

Combined microwave analysis of vortex pinning and HAADF-STEM 

structural characterization of YBCO films with columnar defects

Gianluca Ghigo a,b,∗, Mario Scuderi c,d, Michela Fracasso a,b, Roberto Gerbaldo a,b, 
Daniele Torsello a,b, Laura Gozzelino a,b
aDepartment of Applied Science and Technology, Politecnico di Torino, Torino, 10129, Italy
b Istituto Nazionale di Fisica Nucleare, Sezione di Torino, Torino, 10125, Italy
c CNR-IMM, Catania, 95121, Italy
d Istituto Nazionale di Fisica Nucleare-LNS, Catania, 95123, Italy

a r t i c l e  i n f o

Keywords:
Microwave superconductivity
Heavy ion irradiation
YBaCuO films
HAADF-STEM imaging
Vortex pinning
Columnar defects
Microwave coplanar resonators

 a b s t r a c t

We report on a systematic investigation of the effects of columnar defects induced by heavy ion irradiation 
in YBa2Cu3O7−𝛿 thin films. The study encompasses their structural characterization by transmission electron 
microscopy imaging (HAADF-STEM) and their impact on the vortex-pinning parameters, determined in the mi-
crowave frequency range by a coplanar waveguide resonator (CPWR) technique. The films were irradiated with 
1.15-GeV Pb ions, and the resulting columnar defects revealed a core-shell structure with an amorphous core 
surrounded by a strained crystalline shell. Statistical analysis (considering any cluster as an individual defect) 
yield a mean column radius of 𝑟 = 6 nm, which is in remarkable agreement with the radius of the confinement 
region obtained from fitting the irreversibility line within the Bose-glass model, 𝑟0 = 5.8 nm , providing strong 
experimental validation of the functional characterization through direct structural imaging. The core of the 
analysis lies in the determination of the main superconducting parameters (such as the penetration depth) and 
the vortex dynamics and pinning parameters – including the pinning constant, viscosity, depinning and crossover 
frequencies, creep factor, and pinning energy – through the CPWR microwave technique. These parameters are 
analyzed and discussed within the theoretical frameworks proposed by Gittleman–Rosenblum, Coffey–Clem, and 
Blatter et al. Overall, columnar defects were found to enhance the pinning efficiency and, consequently, the crit-
ical current density 𝑗𝑐 and its ratio to the depairing current density, 𝑗𝑐∕𝑗0. To determine their absolute values, 
a comparative analysis was carried out by combining results from the different experimental techniques with 
a theoretical treatment of 𝑗𝑐∕𝑗0 as a function of the STEM-measured column radius. All results converge into a 
consistent framework, yielding 𝑗𝑐 (5K, 1T) = 8.8 ⋅ 1011 Am−2 and 𝑗𝑐∕𝑗0 = 0.34 for the YBCO films with irradiation-
induced columnar defects.

1.  Introduction

The investigation of YBa2Cu3O7−𝛿 (YBCO) films with columnar de-
fects, as those induced by heavy ion irradiation, represents a paradig-
matic case study, useful for testing vortex pinning models but also of 
practical relevance, e.g. for identifying critical current limits, thus pro-
viding a valuable reference also for other techniques used to introduce 
artificial defects in technological superconductors, in view of their ap-
plication. In fact, in recent years particle irradiation has garnered sig-
nificant attention as a controllable, flexible and effective method for 
material modification in the development of REBCO coated conductors 
(REBa2Cu3O7−𝛿 , with RE=rare earth) for a number of demonstrative ap-
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plications, including magnets, smart grids, MRI systems, and high-field 
scientific equipments [1].

It is well known that high-energy heavy ions produce in YBCO con-
tinuous defects along the ion track, provided that the electronic stopping 
power (𝑑𝐸∕𝑑𝑥)𝑒 (the energy released by inelastic scattering to the elec-
trons of the target) is higher than about 13–20 MeV/µm [2,3]. When 
this condition is fulfilled, columns of amorphized material are formed, 
with radii of the order of several nanometers [4], which revealed to be 
very efficient pinning centers [5]. In fact, columnar defects by heavy 
ion irradiation demonstrated to be effective pinning sites not only in 
cuprates [6], but also in other systems, e.g. iron-based superconductors 
[7–10].
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Most of the vortex pinning studies concerned DC or low-frequency 
measurements that effectively probe, e.g., the depth of the pinning po-
tential. On the other hand, in the microwave-frequency regime – due 
to very small vortex displacements – the bottom rather than the edge 
of the pinning potential is probed. Thus, these techniques are indeed 
complementary. Nonetheless, information about the height of the pin-
ning potential well can be achieved also by studying the vortex creep 
contribution to the microwave complex resistivity.

Although the literature has addressed the use of microwave tech-
niques to extract fundamental parameters, vortex pinning properties, 
and critical current density in YBCO films with irradiation-induced 
columnar defects, such studies have so far covered only limited aspects 
[11–15], and a systematic investigation combining direct structural 
characterization with microwave analysis is still lacking. The goal is 
integrating structural probes with comprehensive vortex-pinning analy-
sis by microwave techniques in the very same samples, that could drive 
the research on ion-irradiated technological superconductors from an 
empirical approach to a mechanism-guided and defect-oriented design 
paradigm [1].

The aim of this paper is to achieve a consistent picture of the prop-
erties of YBCO films in the presence of columnar defects, through a 
correlative approach combining high-resolution HAADF-STEM imaging 
(High-Angle Annular Dark Field - Scanning Transmission Electron Mi-
croscopy), microwave analysis, DC measurements, and theoretical mod-
els. The paper is organized as follows. Section 2 deals with the experi-
mental details, and Section 3 is about the characterization of pristine 
YBCO films by the microwave CPWR technique, to extract the Lon-
don penetration depth 𝜆𝐿(𝑇 ). An extended HAADF-STEM analysis of 
the columnar defects introduced by heavy-ion irradiation in YBCO is 
reported in Section 4, providing direct visualization of the core-shell de-
fect structure and a comprehensive statistical analysis resulting in an es-
timation of the mean column radius. In Section 5, the irreversibility line 
of irradiated YBCO obtained by DC measurements is analyzed with the 
aim to estimate the radius of the vortex confinement region, to be com-
pared with the column radius. In Section 6, the vortex dynamics and pin-
ning parameters are derived and discussed. In particular, in Section 6.1 
the Gittleman-Rosenblum approach is used to obtain the depinning fre-
quency 𝜈𝑝, the vortex viscosity 𝜂 and pinning constant 𝑘𝑝, as a function 
of temperature and magnetic field. In Section 6.2, 𝑘𝑝(𝑇 ) is used to con-
clude that the pinning in pristine YBCO is of 𝛿𝑙 type, through the Blatter 
et al. model. In Section 6.3, the creep factor 𝜒 and the normalized pin-
ning energy barrier 𝑢 are obtained from multifrequency measurements 
within the Coffey-Clem model, and finally in Section 6.4 the effects of 
the introduction of columnar defects on the above mentioned parame-
ters is shown and discussed. Section 7 deals with the ratio between the 
critical current density and the depairing current density, 𝑗𝑐∕𝑗0, in irra-
diated YBCO, comparing the experimental results (Section 7.1) to the-
oretical estimations (Section 7.2). Finally, in Section 8 we summarize 
the results from the different characterization techniques and by a com-
parative analysis we demonstrate their consistency and determine the 
last remaining unknown quantities, i.e. the coherence length, and con-
sequently the critical current density and the 𝑗𝑐∕𝑗0 ratio for the YBCO 
film with irradiation-induced columnar defects. Concluding remarks are 
given in Section 9.

2.  The experiment

The 250-nm-thick YBa2Cu3O7−𝛿 (YBCO) films – grown by reactive 
thermal co-evaporation on MgO substrates – were acquired by CERACO 
ceramic coating GmbH (M type films) [16]. The coplanar waveguide 
resonators for the microwave characterization and the Hall bars for DC 
resistivity measurements were obtained by standard photolithographic 
process followed by wet etching of the YBCO films.

A standard four-probes technique (with bias current polarity inver-
sion and measurement averaging) was used to measure the DC resis-
tivity vs. temperature at several applied field. The critical temperature 

of the pristine films is 𝑇𝑐 = 87.5K and their normal state resistivity is 
𝜌𝑛 = 65 μΩ cm.

The microwave characterization is based on the measurement of the 
complex transmission coefficient 𝑆21 (ratio of the transmitted voltage to 
the incident voltage) of half-wavelength coplanar waveguide resonators 
(CPWRs) as a function of frequency (resonance curve), by means of 
a vector network analyzer. Resonance curves were measured at about 
7.95GHz for different values of temperature and DC magnetic field, ap-
plied perpendicular to the film plane [17]. For a CPWR, we also mea-
sured the first harmonic resonance curves, at about 15.8GHz, to allow a 
multifrequency analysis that could corroborate the results and provide 
additional insight.

The 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 Labora-
tori Nazionali di Legnaro, Italy, up to a fluence of 𝜙 = 1.5 ⋅ 1011 cm−2, 
corresponding to a dose equivalent field (the magnetic field ideally 
needed to fill each ion track with a flux line) of 𝐵𝜙 = 3T. Ions were 
directed perpendicular to the film plane and implanted into the sub-
strate at a depth of 39.0 μm, as calculated by means of the Monte 
Carlo code SRIM [18]. The same code gives, for the electronic stopping 
power, (𝑑𝐸∕𝑑𝑥)𝑒 = 45MeV∕μm, definitely above the threshold for the 
formation of continuous defects along the ion track. After irradiation, 
𝑇𝑐 decreased by about 1 K and the normal state resistivity enhanced
to 101 μΩ cm.

An extensive Transmission Electron Microscopy (TEM) analysis was 
performed on plan-view TEM specimen prepared from the irradiated 
YBCO films using standard thinning procedures. The structural char-
acterization was performed on a JEOL JEM-ARM200CF operated in 
scanning TEM (STEM) mode and using high-angle annular dark field 
(HAADF) imaging to visualize ion-induced damage.

3.  Pristine film: London penetration depth

The resonance curves of the CPWR for the fundamental mode at 
𝑓 ≈ 7.95GHz and for the first harmonic mode at 𝑓 ≈ 15.8GHz were mea-
sured (Fig. 1(A)) and fitted by a Lorentzian function [17], allowing the 
determination of the resonance frequency and the unloaded quality fac-
tor. The analysis of such parameters enables the determination of the 
absolute value of the London penetration depth, 𝜆𝐿, as previously de-
scribed in detail [17]. Fig. 1(C) shows the temperature dependence of 
𝜆𝐿, obtained by fitting the normalized resonance frequency for both the 
fundamental and first harmonic modes (examples in Fig. 1(B)). The fit-
ting procedure was performed over a limited temperature range using 
the general parametric expression

𝜆𝐿(𝑇 ) = 𝜆𝐿(0)∕
√

1 −
(

𝑇 ∕𝑇𝑐
)

𝛾 (1)

where 𝜆𝐿(0), 𝑇𝑐 and 𝛾 were treated as free fitting parameters. The val-
ues of 𝜆𝐿(𝑇 ) were then recalculated over the entire temperature range 
by interpolating and extrapolating the substrate permittivity, 𝜀𝑟(𝑇 ) [17]. 
From the fit, a value of 𝛾 = 2.1 was obtained for both the modes, con-
sistent with reports in the literature for YBCO [19]. As expected, the 
analysis of the two modes at different frequencies gives virtually the 
same 𝜆𝐿(𝑇 ) curve (Fig. 1(C)). In this geometry, the obtained penetra-
tion depth practically coincides with the in-plane 𝜆𝐿,𝑎𝑏.

4.  HR-STEM analysis of columnar defects

4.1.  STEM imaging

HAADF-STEM imaging provides Z-contrast dominated by high-angle 
Rutherford-like scattering, with intensity scaling approximately as Z2
[20]. Heavy-ion irradiation in crystalline YBCO produces amorphous 
columnar defects [2] that suppress channeling, altering the scatter-
ing distribution [21]. Although dechanneling would nominally increase 
HAADF intensity, the amorphous tracks exhibit a reduced atomic den-
sity, lowering the number of scattering centers. This effect dominates, 
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Fig. 1. (A) CPWR resonance curves (magnitude of 𝑆21 vs. frequency) at 𝑇 =
5.8K for the fundamental (left) and the first harmonic mode (right). (B) Ex-
amples of the normalized resonance frequency fit. The first harmonic curves at 
15.8GHz were shifted by 4 K horizontal and 0.0005 vertical, for the sake of 
clarity. (C) London penetration depth as a function of temperature, obtained by 
fitting data for both the fundamental and first harmonic modes.

yielding a net decrease in HAADF contrast. As a result, ion-track columns 
appear darker than the surrounding crystalline matrix, enabling their di-
rect visualization in irradiated superconducting films.

Fig. 2(A) shows a representative plan-view STEM Z-contrast image 
of an irradiated YBCO film. The columnar defects are clearly visible as 
darker circular features against the brighter crystalline matrix. A closer 
examination of the track morphology reveals a more complex contrast 
profile than a simple dark region, indeed the effects of the columnar 
defects extend further into the crystalline matrix. Fig. 2(B) presents a 
higher-magnification image of an individual columnar track, accom-
panied by an intensity line profile measured across the track diameter 
shown in Fig. 2(C). The line profile reveals three distinct regions: (i) a 
central dark-contrast core corresponding to the fully amorphized material 
along the ion trajectory, where the crystalline structure was completely 
disrupted by the energy deposition during ion passage; (ii) an interme-
diate region surrounding the amorphous core, exhibiting a brighter con-
trast compared to the crystalline matrix, which corresponds to a strained 
and defected crystalline shell where the lattice was perturbed but not 
fully amorphized; and (iii) the unperturbed crystalline matrix. This core-
shell structure reflects the radial distribution of damage induced by the 
ion impact [22,23]: the core experiences complete structural collapse, 
while the surrounding shell undergoes elastic deformation due to point-
defect accumulation and local oxygen reordering [3]. For the purpose 
of vortex pinning analysis, it is physically meaningful to include both 
the amorphous core and the damaged crystalline shell in the effective 
defect diameter, as both regions contribute to the pinning potential ex-
perienced by flux lines. Therefore, in the diameter measurements re-
ported in Section 4.3, we adopted the criterion indicated in Fig. 2(C) 
that extends the defect diameter beyond the darkest central region to 
encompass the full extent of the contrast variation, thereby account-
ing for the complete damaged zone that acts as an effective pinning
center.

Fig. 2(A) also highlights a key aspect of track counting: some colum-
nar tracks appear as isolated defects, whereas others are partially over-
lapping. While such features originate from the stochastic nature of ion 
irradiation and must be counted as distinct events when determining 
the experimental fluence (Section 4.2), they effectively act as a single, 
wider defect in shaping the pinning landscape (Section 4.3).

Fig. 2. (A) Plan-view HAADF-STEM image of irradiated YBCO showing the 
columnar tracks as darker circular features. (B) Higher-magnification STEM im-
age of a track (white dashed circle) with intensity line profile measured across 
the track diameter (red arrow). (C) Line scan profile that reveals the contrast 
gradient from the amorphous core (dark) through the strained crystalline shell 
(bright) to the pristine matrix (intermediate).

4.2.  Quantitative track analysis

Individual ion tracks were systematically counted over multiple 
STEM images covering a statistically significant area. Two counting 
methodologies were employed: (i) for fluence verification, each indi-
vidual ion impact was counted independently, including those forming 
overlapping clusters (as each represents a distinct implantation event); 
(ii) for pinning analysis, clustered tracks were treated as single effective 
defects, since from the vortex perspective they act as unified pinning 
centers rather than independent sites.

The experimentally determined fluence, obtained by counting all in-
dividual ion impacts, yielded 𝜙exp = 1.46 × 1011 cm−2, in excellent 
agreement with the nominal implantation fluence 𝜙𝑛𝑜𝑚 = 1.5 × 1011
cm−2. This validates the STEM imaging approach and confirms the uni-
formity of the irradiation process and the validity of the experimental 
protocol for the control of the fluence during ion irradiation. A similar 
result was obtained also on iron-based superconductors irradiated with 
1.2GeV Pb ions [24].

For the pinning analysis, the second counting procedure (point ii) 
was employed. This approach yields an effective column density re-
duced to about 85% of the nominal fluence. Consequently, the effec-
tive pinning landscape experienced by vortices is characterized by a 
lower density of pinning centers, each with an increased effective size,
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consistent with the diameter distribution that will be discussed in Sec-
tion 4.3, as it more accurately captures the number and spatial distribu-
tion of independent pinning sites available for vortex trapping.

4.3.  Diameter distribution analysis

In the context of vortex pinning, we analyze the ion-track diameter 
distribution, which includes both isolated and clustered tracks formed 
by a partial overlap of ion impacts. As clustered tracks behave as single 
effective pinning centers, the measured distribution reflects the effective 
defect size relevant for pinning.

Track diameter measurements were performed on multiple STEM 
images to ensure adequate statistical significance. The empirical prob-
ability density function was estimated using kernel density estimation 
(KDE) with a Gaussian kernel [25], adopting Scott’s rule for bandwidth 
selection [26] (Fig. 3). This non-parametric approach enables visualiza-
tion of the diameter distribution without imposing any a priori assump-
tion on its functional form. For visualization purposes only, histograms 
were constructed using the Freedman–Diaconis rule [27] for optimal bin 
width selection; however, all statistical parameters were extracted from 
unbinned data to avoid discretization artifacts.

Statistical analysis revealed that approximately 34% of all individual 
tracks participate in clustering events. Although these clustered tracks 
contribute to the upper tail of the diameter distribution, the majority of 
tracks remain isolated, forming a dominant unimodal population. These 
features indicate deviations from a purely single-population distribution 
and reflect the contribution of merged or partially overlapping tracks.

Despite these deviations, a single log-normal distribution was 
adopted to describe the diameter data. This choice is physically mo-
tivated by the multiplicative cascade of stochastic processes governing 
thermal spike formation, including electronic energy deposition, radial 
energy diffusion, and rapid quenching [28,29], and is further supported 
by the observation that clustered tracks do not form a distinct secondary 
population. Moreover, the log-normal model provides a robust descrip-
tion of the dominant unimodal component of the distribution, with clus-
tered tracks contributing primarily to the upper tail rather than forming 
a fully distinct secondary peak.

Fig. 3 shows the resulting diameter distribution of the amorphous 
columnar defects. From the log-normal fit, a mean track diameter of 
(12 ± 4) nm was obtained, corresponding to a mean radius of 𝑟 = (6 ±
2) nm. This value represents the effective pinning center size, account-
ing for both isolated ion tracks and clustered configurations treated as 
single pinning objects. As a comparison, 1.4GeV Pb ions were found to 
produce in YBCO coated conductors amorphous columnar tracks with 
a radius of (5.4 ± 0.6) nm, surrounded by a region where the amount 
of O and Cu is decreased, over a length of ∼ 3 nm [3]. Using the mean 
effective diameter d = 12nm, the fractional coverage, i.e. the fraction 
of amorphized area, can be calculated as 𝐹𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒= 𝜙 × 𝜋r2 = 1.5 × 
1011 cm−2 × 𝜋 × (6 × 10−7 cm)2 ≈ 0.17 (17%), indicating operation in 
the dilute overlapping regime where track-track interactions are present 
but do not dominate the microstructure [30].

5.  Irreversibility line

In the temperature vs. magnetic field phase diagram, the irreversibil-
ity line (IL) is the line above which the depinning critical current drops 
to zero. It was determined from DC measurements as the temperature 
𝑇𝑖𝑟𝑟 at which the resistivity equals 10% of the normal-state value, and 
it is shown in Fig. 4 for the same Hall bar before and after irradiation, 
in terms of reduced temperature 𝑡 = 𝑇𝑖𝑟𝑟∕𝑇𝑐 . The IL of the pristine film 
is smooth, while after irradiation a characteristic kink shows up (indi-
cated by an arrow in the graph), which is assumed to separate a low-field 
regime, where single vortex pinning by columnar defects occurs, from a 
collective pinning regime at higher fields [5]. It should be noted that the 
IL kink occurs at an accommodation field 𝐵∗ = 2.35T = 0.78𝐵𝜙, which 

Fig. 3. Diameter distribution of columnar defects induced by 1.15GeV Pb ions 
in YBCO. The empirical distribution is shown as a kernel density estimation 
(solid line), with the histogram reported as a visual guide. The log-normal fit 
(dashed line) describes the data, accounting for both isolated tracks and clus-
tered configurations. The mean effective track diameter is 12 ± 4nm.

is lower than the dose equivalent field mainly due to clustering and par-
tial overlap of the randomly distributed columnar tracks. In fact, this 
accommodation field matches the effective column density calculated 
by treating clustered tracks as single defects from the STEM images in 
Section 4.2 point (ii), where the effective column density was estimated 
as 85% of the nominal fluence. Therefore, we use 𝐵∗ to estimate the 
average distance between the effective columns 𝑎 =

√

Φ0∕𝐵∗ = 29.7 nm, 
which is useful for the following analysis.

According to the standard analysis based on the Bose-glass analogy 
[31], it is possible to fit the low-field part of the IL after irradiation 
(considered as normalized irreversibility temperature as a function of 
field, 𝑡BG(𝐻)) starting from the IL before irradiation, assumed to be a 
good approximation of the vortex melting line, 𝑡m(𝐻). It turns out that 
[31,32]:

𝑡𝐵𝐺(𝐻) =
𝑡𝑚(𝐻) + 𝛾 𝑡𝑜𝑛

1 + 𝛾
, (2)

where 𝑡𝑜𝑛 is the maximum reduced temperature at which the columns 
are effective pinning centers. The fit is done with 𝑡𝑜𝑛 and 𝛾 as fitting 
parameters and it is shown in Fig. 4 as a solid orange line. The parameter 
𝛾 is a function of the radius of the vortex confinement region, 𝑟0

𝛾 =
𝑟20

4𝑎𝜉
√

𝐺𝑖
,

where the Ginzburg number 𝐺𝑖 in turn can be expressed as [33]

𝐺𝑖 = 1
2

(

2𝜋𝜇0𝑘𝐵𝑇𝑐Γ𝜆2𝑎𝑏
𝜉Φ2

0

)

2,

and Γ is the anisotropy factor. The radius of the vortex confinement 
region finally reads

𝑟0 =

√

√

√

√

√

4
√

2𝑎𝜋𝜇0𝑘𝐵𝑇𝑐Γ𝜆2𝑎𝑏𝛾

Φ2
0

. (3)

If we assume, according to literature [34], Γ = 5, and use the values 
of 𝑇𝑐 , 𝜆𝑎𝑏 and 𝛾 from the experiment, we obtain 𝑟0 = 5.8 nm, that is in 
remarkable agreement with the radius of the columnar defects estimated 
by HRTEM analysis in Section 4.3, 𝑟 = (6 ± 2) nm [35].

Superconductivity 18 (2026) 100265 

4 



G. Ghigo, M. Scuderi, M. Fracasso et al.

Fig. 4. The irreversibility line for the same YBCO Hall bar before (black sym-
bols) and after irradiation (orange symbols), in terms of the irreversibility re-
duced temperature 𝑡 = 𝑇𝑖𝑟𝑟∕𝑇𝑐 as a function of the applied magnetic field. In-
terpolated pristine data are assumed to approximate the melting line 𝑡m (black 
line), while the fit of the low-field data after irradiation according to Eq. (2) is 
reported as a solid orange curve, 𝑡BG (fitting parameters: 𝛾 = 1.06, 𝑡𝑜𝑛 = 0.997). 
The dashed line is a guide to the eye, and the arrow marks the kink separating 
the two vortex pinning regimes at the accommodation field 𝐵∗, discussed in the 
main text.

6.  Vortex dynamics and pinning parameters

The vortex dynamics and pinning parameters are deduced from the 
experiment through the comparison between microwave CPWR mea-
surements with and without applied DC magnetic field, allowing us 
to determine the complex resistivity term 𝜌𝑣𝑚 accounting for the vor-
tex motion contribution to dissipation [36]. The way 𝜌𝑣𝑚 is connected 
to the vortex parameters depends on the adopted model for the high-
frequency response of the vortex matter. Below, we consider two dif-
ferent approaches to analyze our experimental 𝜌𝑣𝑚 data, the Gittleman-
Rosenblum (GR) model and the Coffey-Clem (CC) model. Although both 
involve simplifying assumptions, their reference parameters prove to be 
extremely useful for studying the impact of introducing artificial pinning 
centers on vortex dynamics.

6.1.  Vortex parameters by the Gittleman-Rosenblum model

In its simplest approach, neglecting thermal-fluctuation-induced 
creep, strong vortex bending and collective effects, the high frequency 
vortex motion response is determined by a pinning force and a drag 
force, opposing to the Lorentz force exerted on the vortex. The high fre-
quency regime imposes to vortices very small oscillations around equi-
librium positions. In the approximation of harmonic oscillations, the 
pinning force can simply be written as 𝑘𝑝u, where u is the displacement 
and 𝑘𝑝 is the pinning constant. The dissipation due to the motion of 
vortices, related to the relaxation processes of the quasiparticles in the 
core, is accounted for as a drag force 𝜂v, where v is the vortex veloc-
ity and 𝜂 the vortex viscosity. Finally, a key parameter is the depinning 
frequency, that is a combination of the previous ones, 𝜈𝑝 = 𝑘𝑝∕𝜂, repre-
senting the limit below which elastic motion occurs, and above which a 
purely dissipative motion dominates.

Within this framework, the vortex parameters can be estimated by 
the Gittleman-Rosenblum (GR) model [37], giving the complex resistiv-
ity term that is needed to account for vortex motion as

𝜌𝑣𝑚 =
𝜌𝑓𝑓

1 − 𝑖 𝜈𝑝∕𝜈
(4)

where 𝜌𝑓𝑓 = Φ0𝐵∕𝜂 is the flux flow resistivity. The practical way to ob-
tain 𝑘𝑝, 𝜂 and 𝜈𝑝 directly from CPWR measurements was described in 
detail in Refs. [36,38]. To this aim, the knowledge of the absolute val-
ues of the London penetration depth, discussed in Section 3, is needed.

In Fig. 5(A) 𝜈𝑝 is reported for two measurement frequencies of 
7.95GHz (fundamental mode) and 15.8GHz (first harmonic) as a func-
tion of magnetic field, for 𝑇 = 5.8K. It is clear that 𝜈𝑝 is significantly 
different for the two measurement frequencies: this could be ascribed 
to a flux creep effect that in the GR model is neglected. To address this 
issue, a CC analysis is reported in Section 6.3 below, showing that in 
fact flux creep is not negligible even at low temperatures. Although it is 
extremely low, it is enough to explain the observed 𝜈𝑝(𝜈).

The other independent parameter that can be estimated by the GR 
analysis is the pinning constant 𝑘𝑝, shown in Fig. 5(B) and (C) as a func-
tion of field and temperature, respectively. In this paper, the pinning 
constant is used with two main aims: (i) 𝑘𝑝(𝑇 ) for pristine YBCO films 
is used to distinguish between 𝛿𝑙 and 𝛿𝑇𝑐 type pinning, to characterize 
the pinning landscape before ion irradiation (see Section 6.2); (ii) 𝑘𝑝(𝐻)
at low temperatures is used to determine the critical current density 𝑗𝑐
and its ratio to the depairing current 𝑗0 for YBCO films with columnar 
defects (see Section 7.1).

6.2. 𝛿𝑙-type pinning within the Blatter et al. model

The 𝑘𝑝(𝑇 ) curves obtained by the CPWR technique as described 
above (Fig. 5(C)), spanning over several orders of magnitude, are suit-
able to check the validity of the collective pinning model proposed in 
the review of Blatter et al. [39] and to investigate whether pinning in 
the pristine YBCO films is of 𝛿𝑙- or 𝛿𝑇𝑐 -type. In fact, in type II supercon-
ductors pinning results from spatial variations of different coefficients 
of the Ginzburg-Landau free-energy functional, associated with disor-
der in the transition temperature 𝑇𝑐 , and/or from spatial modulation 
of the charge carrier mean free path 𝑙 near lattice defects [39]. In par-
ticular, it has been shown that [40] 𝑘𝑝(𝑡) = 𝜇0𝐻2

𝑐 𝛿
2∕3 ∼ 𝐻𝑐1𝐻𝑐2𝛿2∕3 ∼

𝜆𝐿(𝑡)−2𝐻𝑐2(𝑡)𝛿2∕3(𝑡), where 𝑡 is the reduced temperature and 𝛿 is a dimen-
sionless parameter, with different temperature dependencies in the case 
of 𝛿𝑙-type pinning, 𝛿 ∼ (1 − 𝑡)3∕2, and 𝛿𝑇𝑐 -type pinning, 𝛿 ∼ (1 − 𝑡)−1∕2. 
For the penetration depth, we used the temperature dependence de-
duced for the same resonators in Section 3, ∼ (1 − 𝑡2.1)−1∕2, and for the 
upper critical field the phenomenological expression ∼ (1 − 𝑡2). Thus, fi-
nally we get 𝑘𝑝(𝑡) ∼ (1 − 𝑡2.1)(1 − 𝑡2)(1 − 𝑡) for 𝛿𝑙-type pinning, and 𝑘𝑝(𝑡) ∼
(1 − 𝑡2.1)(1 − 𝑡2)(1 − 𝑡)−1∕3 for 𝛿𝑇𝑐 -type pinning. Fig. 5(C) shows that the 
experimental data are very well described within the 𝛿𝑙 scenario, i.e. 
with a model of single vortices pinned by randomly distributed weak 
pinning centers via spatial fluctuations of the charge carrier mean free 
path, in agreement with the results obtained in Ref[41]. by analyzing 
the critical current density.

6.3.  Creep factor and pinning energy by the Coffey-Clem model

The improvement of the Coffey-Clem (CC) model [42] with respect 
to the GR one is that it includes the effects of thermal fluctuations, re-
sulting in vortex creep motion. On the other hand, its simplification is 
the assumption of a sinusoidal pinning potential. Within this model, the 
vortex motion resistivity is given by

𝜌𝑣𝑚 = 𝜌𝑓𝑓
𝜒 + 𝑖𝜈∕𝜈𝑐
1 + 𝑖𝜈∕𝜈𝑐

(5)

where 𝜌𝑓𝑓 = Φ0𝐵∕𝜂 as in the GR model, 𝜒 is a creep factor (0 ≤ 𝜒 ≤ 1), 
and 𝜈𝑐 is the crossover frequency, that has a physical meaning similar 
to 𝜈𝑝 in the GR model. In fact, in the limit of 𝜒 → 0, 𝜈𝑐 → 𝜈𝑝. The creep 
factor is a function of the normalized energy barrier height 𝑢 = 𝑈0∕𝑘𝐵𝑇 , 
being 𝑈0 the height of the pinning potential and 𝑘𝐵 the Boltzmann con-
stant:

𝜒 = 1
[

𝐼0
(

𝑢
2

)]2
(6)
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Fig. 5. Pinning parameters for the pristine films: (A) field dependence of the depinning frequency 𝜈𝑝, as deduced by the GR analysis from measurements at two 
different frequencies (see main text at Section 6.1), and of the crossover frequency 𝜈𝑐 , from the CC analysis (Section 6.3). (B) Field dependence of the pinning 
constant, 𝑘𝑝. (C) Temperature dependence of the pinning constant for an applied field of 1 T, fitted by the 𝛿𝑙 pinning mechanism equation (solid line; the dotted line 
is the behavior expected for the 𝛿𝑇𝑐 -type pinning, see Section 6.2). (D) Temperature dependence of the creep factor 𝜒 and its maximum value 𝜒max (left) and of the 
normalized energy barrier height 𝑢 and its minimum value 𝑢min (right), see the discussion in Section 6.3.

Fig. 6. Relative increase of the pinning constant (left) and depinning frequency 
(right) for the same CPWR after irradiation, as a function of the applied magnetic 
field.

where 𝐼0 is the modified Bessel function of the first kind of order zero.
The parameters in Eq. (5) can be obtained by a multi-frequency 

analysis. We used the fundamental and the first harmonic signals of 
the CPWR to obtain the real and imaginary parts of the vortex motion 
resistivity at two different frequencies. Therefore, through Eq. (5), we 
have four equations allowing us to determine the three unknown 𝜌𝑓𝑓 , 
𝜒 , and 𝜈𝑐 . Then, by reversing Eq. (6), we get the normalized energy bar-
rier 𝑢. An example is given in Fig. 5(D), where 𝜒(𝑇 ) and 𝑢(𝑇 ) for an 
applied field of 1 T are shown, and in Fig. 5(A), where the crossover 
frequency is reported. The normalized energy barrier turns out to be 

in good agreement with other microwave analyses: for example, Powell 
et al. reported, for YBCO films at microwave frequencies, 𝑢(10K) = 7 and 
𝑢(60K) = 4.4 [43], close to our estimate. However, all these values are 
significantly lower than those estimated by other methods, e.g. 𝑢 ∼ 25 at 
low temperatures from relaxation of magnetization in YBCO single crys-
tals [44]: the reason for this discrepancy could be ascribed to different 
conditions in terms of probing currents and vortex displacements in re-
lation to the shape of the pinning potential well, but is in fact currently 
unclear and deserves further investigation.

When multi-frequency measurements are not available, a discussion 
about creep factor and energy barrier is still possible, in terms of their 
maximum and minimum values, respectively. In fact, in order to pre-
serve the physical meaning of 𝜈𝑐 , that must be a real quantity, a con-
straint on 𝜒 emerges by considering Eq. (5), as previously reported in 
Ref. [45]. This gives an upper limit for the creep factor, 𝜒max, implying a 
lower limit for the normalized energy barrier height, 𝑢min. These values 
can be calculated directly from the data of single-mode measurements, 
and are reported in Fig. 5(D). It is clearly shown that 𝜒max(𝑇 ) and 𝑢min(𝑇 )
have the same temperature dependence as 𝜒(𝑇 ) and 𝑢(𝑇 ) estimated by 
the multi-frequency analysis and are very close to them, therefore a dis-
cussion about the effects of columnar defects on 𝜒max(𝑇 ) and 𝑢min(𝑇 ) – 
reported in the next subsection – seems fully meaningful.

6.4.  Effects of the columnar defects on the pinning parameters

The effects of the introduction of columnar defects by ion irradiation 
on 𝑘𝑝(𝐻), 𝜈𝑝(𝐻), 𝜒max(𝑇 ,𝐻) and 𝑢min(𝑇 ,𝐻) is shown in Figs. 6–7, where 
data from the same CPWR before and after irradiation are compared. 
In particular, in Fig. 6 the relative increments of the pinning constant 
(left) and the depinning frequency (right) after irradiation are reported. 
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Fig. 7. Maximum creep factor 𝜒max before and after irradiation, as a function 
of temperature (A) and field (C). Minimum normalized height of the pinning 
potential 𝑢min before and after irradiation, as a function of temperature (B) and 
field (D). Red arrows indicate the shift of the curves after irradiation.

The maximum increment of the pinning constant is for a field of about 
1.75 T, slightly lower than the accommodation field 𝐵∗. In Fig. 7(A) 
it is clearly shown that for fields below the dose equivalent field and 
the accommodation field, 𝜒max(𝑇 ) is much lower after irradiation and 
with a lower slope as a function of temperature. Consequently, 𝑢min(𝑇 )
increases (Fig. 7(B)). The same trend is shown by 𝜒max(𝐻) and 𝑢min(𝐻) in 
Fig. 7(C)-(D), for 𝑇 = 5.8K. The improvement is higher for fields lower 
than the accommodation field, where single vortex pinning by columns 
is expected.

7.  The critical/depairing current density ratio

7.1.  Experimental determination of the 𝑗𝑐∕𝑗0 ratio

The critical current density 𝑗𝑐 is obtained from the pinning constant, 
as determined in Section 6.1, through [46] 𝑗𝑐 = 𝑘𝑝𝜉∕Φ0, while the de-
pairing current density is deduced within the Ginzburg-Landau theory 
as 𝑗0 = Φ0∕(33∕2𝜋𝜇0𝜆2𝐿𝜉) [47]. Therefore, their ratio is

𝑗𝑐
𝑗0

=
33∕2𝜋𝜇0𝜆2𝐿𝜉

2𝑘𝑝
Φ2

0

(7)

In Eq. (7), the only quantity that we can not directly infer from our data 
is the coherence length. For example, if we assume for 𝜉 the reference 
values of 1.0 nm or 1.15 nm, the 𝑗𝑐∕𝑗0(𝐻) curves at low temperature for 
the irradiated YBCO CPWR are the ones shown in Fig. 8 (the reason 
for the choice of 𝜉 = 1.15 nm is clarified later in the text, see Section 8). 
Data show a saturation at lower fields (indicated by the horizontal green 
lines in the graph), while the ∼ 1∕𝐻 behavior expected for the collective 
regime show up at higher fields (red curves).

7.2.  Theoretical determination of the 𝑗𝑐∕𝑗0 ratio

In the limits of very small or very large defects, i.e. for the radius of 
the columnar defect 𝑟 very small or very large with respect to 𝜉, the pin-
ning potential has been calculated by Blatter et al. (see Eqs.(9.55) and 
(9.59) in Ref. [39]. However, in the case of irradiation-induced colum-
nar defects, the most frequent situation is in between. This case was 
studied by Klaassen et al. [48], who derived, within the same theoret-
ical framework, a general expression for the pinning potential per unit 

Fig. 8. Experimental 𝑗𝑐∕𝑗0 (ratio between the critical current density and the 
depairing current density) for the irradiated CPWR as a function of the applied 
field, for 𝑇 = 5.8K and for two different values assumed for the coherence length 
𝜉: 1nm and 1.15 nm. At lower fields, the saturation of the ratio to an about con-
stant value is indicated by the horizontal green lines, while the ∼ 1∕𝐻 behavior 
expected for the collective regime at higher fields is indicated by red curves.

length, valid also when the column radius is comparable to the coher-
ence length, i.e. for 𝑟 ≈

√

2𝜉:

𝜀𝑟(𝑅) = −
𝜀0
2

[

arcsinh

(

𝑟2 − 𝑅2 + 2𝜉2

2
√

2𝜉|𝑅|

)

− arcsinh

(

−𝑅2 + 2𝜉2

2
√

2𝜉|𝑅|

)]

where 𝑅 is the distance of the vortex from the center of the pinning 
site and 𝜀0 = Φ2

0∕
(

4𝜋𝜇0𝜆2
) is a reference value for the vortex energy 

per unit length. Then, the maximum pinning force can be calculated 
as 𝑓𝑝,max = −𝑑𝜀𝑟∕𝑑𝑅|max ≈ −𝑑𝜀𝑟∕𝑑𝑅|𝑅=𝑟 and finally the critical current 
density, normalized to the depairing current density, is obtained by 
equating the maximum pinning force to the Lorentz force. It reads [48]
𝑗𝑐
𝑗0

=
3
√

3
8

(

𝑟2 + 𝜉2

𝑟
√

2𝑟2 + 𝜉2
−

𝜉
𝑟

)

(8)

8.  Pinning by columnar defects: A comparative analysis

Now, we can check whether all the pieces of information described 
and discussed in the previous Sections about pinning by columnar de-
fects compose a consistent and comprehensive picture. In Fig. 9, the 
𝑗𝑐∕𝑗0 vs. 𝜉 curves obtained experimentally by Eq. (7) and theoretically 
by Eq. (8) are compared. In the latter, the column radius was assumed 
to be 𝑟 = 5.8 nm according to the HRTEM and IL analyses. It turns out 
that the two approaches are consistent, i.e. they give the same ratio 
𝑗𝑐∕𝑗0 = 0.34, if 𝜉 = 1.15 nm, which is a value fully reasonable for the co-
herence length of irradiated YBCO. This is deduced from the intersection 
of the two main curves in Fig. 9 (marked by a black circle). By consid-
ering the uncertainty in the determination of the column radius from 
STEM analysis (±2 nm) and the estimated errors for 𝜆𝐿 and 𝑘𝑝 (±10 nm
and ±105 N∕m2, respectively, giving about ±12% error for the current 
density ratio in Eq. (7)) the colored regions in the graph can be drawn, 
resulting in the evaluation of the (asymmetric) errors for 𝑗𝑐∕𝑗0 and 𝜉: 
𝑗𝑐∕𝑗0 = 0.34+0.03−0.05 and 𝜉 =

(

1.15+0.11−0.12
)

nm.
In literature, different values are reported for 𝜉 in YBCO films, rang-

ing from 1.18 nm to 2.5 nm [49,50]. Our estimation seems consistent 
(within the errors) with the lower limit. It should be also noted that 
in the dirty limit, when the electron mean free path becomes lower 
than the intrinsic coherence length 𝜉0, the effective coherence length 𝜉
is modified due to impurity scattering, resulting in a reduced value with
respect to 𝜉0. Therefore, a slightly smaller value for 𝜉 can be reasonably 
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Fig. 9. Comparison between the curves critical/depairing current ratio 𝑗𝑐∕𝑗0 vs. 
coherence length 𝜉 as deduced at 𝑇 = 5.8K experimentally by means of Eq. (7) 
(orange thick line) and theoretically by means of Eq. (8) (blue thick line), as-
suming for the radius of the columnar defects 𝑟 = 5.8 nm according to the IL 
and STEM analyses. For the consistency of the overall results, the values of 
𝜉 = 1.15 nm and 𝑗𝑐∕𝑗0 = 0.34 are deduced from the intersection of the two curves 
(marked by a black circle). The blue area corresponds to solutions of Eq. (8) for 
values of 𝑟 within the error estimated by the STEM analysis, i.e. ±2 nm. The or-
ange area corresponds to indetermination of ±12% in the values given by Eq. (7), 
stemming from estimated errors in 𝜆𝐿 and 𝑘𝑝. The intersection of the colored 
areas gives the (asymmetric) maximum errors for 𝑗𝑐∕𝑗0 and 𝜉 (thin black lines), 
reported in the main text.

Fig. 10. Critical current density as a function of temperature, evaluated for 
𝜇0𝐻 = 1T by the method described in the text. The inset shows the correspond-
ing critical current to depairing current density ratio, as a function of tempera-
ture.

expected in irradiated samples, due to the introduced disorder. In con-
clusion, since our estimation of 𝜉 is in fact in accordance with literature, 
we state that overall the complete set of results shows self-consistency.

After the coherence length being assessed, the absolute value of 
the critical current density can be estimated as 𝑗𝑐 (5K, 1T) = (8.8 ± 1.0) ⋅
1011 Am−2. The same procedure shown in Fig. 9 for data at T=5.8 K 
can be extended to the whole temperature window, which could be of 
greater practical significance for engineering applications. By equating 
Eqs. (7) and (8), with 𝜆 = 𝜆(𝑇 ) and 𝑘𝑝 = 𝑘𝑝(𝑇 ) from the microwave anal-
ysis and 𝑟 = 5.8 nm from IL and STEM, we get the 𝑗𝑐 (𝑇 ) and 𝑗𝑐∕𝑗0(𝑇 )
curves shown in Fig. 10, both for the magnetic field of 1 T. A compari-
son with literature data for 𝑗𝑐 (𝑇 , 𝜇0𝐻 = 1T) in YBCO films [48,51–59] – 

although we used a different, indirect method – suggests that our sam-
ples with columnar defects exhibit strong performance across the entire 
temperature range.

9.  Concluding remarks

This work systematically investigates all aspects related to the pro-
duction and characterization of columnar defects in YBCO via heavy-ion 
irradiation, as well as their impact on vortex-pinning parameters, deter-
mined in the high-frequency regime using the CPWR microwave tech-
nique. The correlative approach establishes a comprehensive and self-
consistent framework for understanding vortex pinning by engineered 
columnar defects.

In detail, YBCO thin films were irradiated with 1.15GeV Pb ions, 
and the resulting columnar defects were examined by extensive plan-
view HAADF-STEM analysis. The Z-contrast imaging directly visualized 
the amorphous columnar tracks as darker circular features against the 
crystalline matrix. The density of single tracks accurately matches the 
nominal irradiation fluence, thus validating the experimental irradiation 
protocol. Detailed examination of the tracks revealed a complex core-
shell structure: (i) a central amorphous core where the crystalline struc-
ture was completely disrupted, (ii) an intermediate strained crystalline 
shell exhibiting defected lattice. This morphology reflects the radial dis-
tribution of damage induced by the ion impact and defines the effective 
pinning center size. Statistical analysis of the diameter distribution, ac-
counting for both isolated and clustered tracks treated as single effective 
defects, was performed and a mean column radius 𝑟 = (6 ± 2) nm was de-
termined from unbinned data analysis and used as a reference value for 
the subsequent analyses.

DC resistivity measurements were employed to determine the irre-
versibility line (IL), from which the radius of the vortex confinement re-
gion was extracted. The obtained value, 𝑟0 = 5.8 nm, showed remarkable 
agreement with the STEM-measured column radius, providing strong 
experimental validation of the Bose-glass model and demonstrating the 
power of correlative structural-functional analysis.

The core of the analysis was the characterization of the main su-
perconducting parameters (such as the London penetration depth 𝜆𝐿) 
and the vortex dynamics and pinning parameters (pinning constant 𝑘𝑝, 
vortex viscosity 𝜂, depinning and crossover frequencies 𝜈𝑝, 𝜈𝑐 , creep 
factor 𝜒 , normalized pinning energy height 𝑢 = 𝑈0∕𝑘𝐵𝑇 ) by a mi-
crowave CPWR method. These parameters were determined and dis-
cussed within the theoretical framework of the models by Gittleman-
Rosenblum, Coffey-Clem, and Blatter et al. A first outcome of this analy-
sis was the demonstration of how columnar defects influence the pinning 
parameters, leading to an overall enhancement of the pinning efficiency 
and, consequently, of the critical current density 𝑗𝑐 . However, the abso-
lute value of 𝑗𝑐 , as well as its ratio to the depairing current density, 𝑗𝑐∕𝑗0, 
still depends on a parameter that cannot directly be determined for the 
specific YBCO films investigated through the CPWR method – namely, 
the coherence length 𝜉. To determine it, a comparative analysis was 
carried out by combining the STEM/IL-estimated column radius with 
microwave measurements and theoretical treatment of 𝑗𝑐∕𝑗0 as a func-
tion of the column radius following the model by Klaassen et al. [48]. 
All results converged into a consistent framework, enabling the determi-
nation of the coherence length and the critical current density for YBCO 
with irradiation-induced columnar defects, yielding – at 5 K and 1 T: 
𝜉 =

(

1.15+0.11−0.12
)

nm, 𝑗𝑐 = (8.8 ± 1.0) ⋅ 1011 Am−2 and 𝑗𝑐∕𝑗0 = 0.34+0.03−0.05.
In conclusion, the effectiveness of combining HAADF-STEM direct 

imaging with CPWR microwave analysis and DC characterization has 
been demonstrated. This correlative methodology, integrating structural 
microscopy, microwave spectroscopy, DC transport measurements, and 
theoretical modeling, defines a robust protocol for future investigations 
of engineered pinning centers in superconducting films, enabling per-
formance enhancement to be estimated directly from defect charac-
terization. In particular, it provides guidance for heavy-ion irradiation
processes: the choice of fluence, the evaluation of defect radius and track 
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overlap, and the determination of penetration depth and pinning con-
stant via microwave measurements together allow a quantitative predic-
tion of the critical current density across the entire temperature range 
under study.
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