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Focused helium ion beam (He-FIB) irradiationwith 30-keVions is a key tool for nanoscale patterning and
defect engineering in high-transition temperature (Tc) cuprate superconducting devices, yet its usable
fluence window is constrained by the competing requirements of reliable superconductivity suppression
and minimal structural degradation. In this work, we provide a comprehensive dataset on the effects of
large-area 30-keV Heþ ion exposure on the electric transport and superconducting properties of epitaxial
YBa2Cu3O7−δ (YBCO) thin films. X-ray diffraction shows a fluence-driven loss of crystalline order
accompanied by an out-of-plane lattice expansion and an orthorhombic-to-tetragonal transition, culminat-
ing in predominant amorphization at the highest fluence of 1 × 1016 cm−2. Raman spectra exhibit increasing
disorder while lacking signatures of oxygen depletion, indicating that irradiation mainly generates oxygen-
related Frenkel defects rather than changing the carrier concentration. Consistently, with increasing fluence,
the normal-state resistivity ρNðTÞ at temperature T above Tc increases strongly, while ∂ρN=∂T remains
nearly unchanged at moderate fluence. The suppression of Tc is accurately described by Abrikosov–
Gor’kov pair breaking and reaches complete quenching of superconductivity at 4.5 × 1015 cm−2. The
anisotropic upper critical fields decrease approximately exponentially with increasing fluence; the vortex
activation energy is reduced, and the anisotropy drops, in contrast to oxygen-depleted YBCO. Hall-angle
analysis confirms a nearly constant carrier density but a systematic increase in defect scattering and reduced
mobility, consistent with a crossover toward the dirty limit at high fluence. These results establish
quantitative fluence thresholds and a practical operational window for He-FIB nanopatterning of YBCO
quantum circuits.
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I. INTRODUCTION

Nearly four decades after the discovery of copper-oxide
high-temperature superconductors [1] and despite extensive
experimental and theoretical investigation, the microscopic
mechanism underlying high-temperature superconductivity
(HTS) remains unresolved. Nevertheless, these materials—
most notably the prototypical copper-oxide compound
YBa2Cu3O7−δ (YBCO)—are now thoroughly characterized
and have already been implemented in technological

applications. In particular, HTS electronic devices com-
monly rely onmicro- and nanopatternedYBCO thin films as
a fundamental platform [2–4].
Focused helium ion beam (He-FIB) irradiation has

emerged as a highly versatile method for tailoring the
superconducting properties of YBCO thin films with
nanometer-scale spatial precision, thereby enabling device
architectures that are challenging to implement using
conventional subtractive patterning techniques. A princi-
pal advantage of light-ion (Heþ) irradiation processing is
the ability to systematically tune superconducting proper-
ties via irradiation-induced point defects [5,6], predomi-
nantly oxygen Frenkel pairs [7], while maintaining both
the film surface and the underlying crystallographic
framework essentially unaltered at moderate ion fluence
[8–10]. This contrasts with conventional lithographic
nanopatterning approaches, which inherently involve
thickness inhomogeneities and the creation of exposed
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interfaces that can promote oxygen depletion and thereby
deteriorate the electronic transport characteristics.
In state-of-the-art helium ion microscopes (HIMs)

[11,12], theHe-FIBenables the direct fabrication of spatially
alternating superconducting and insulating domains, with
lateral feature sizes on the order of only a few nanometers.
Exploiting this capability, single Josephson junctions
(JJs) [8,13–15], Josephson diodes [15], JJ arrays [16,17],
superconducting quantum interference devices (SQUIDs)
[8,9,18], and directional in-plane tunnel spectroscopy [19]
have been realized. Furthermore, He-FIB-engineered artifi-
cial vortex pinning landscapes in YBCO [20] have recently
been shown to sustain pronounced vortex pinning effects up
to magnetic fields of 6 T [21], while also exhibiting robust
temporal stability over time scales of several years [22].
To date, He-FIB nanopatterning has predominantly relied

on empirically guided selection of irradiation parameters.
However, achieving device-to-device reproducibility neces-
sitates a detailed understandingof the concomitant structural
evolution, the superconducting and normal-state transport
characteristics, and their correlation with the nature and
density of irradiation-induced defects. InHe-FIBprocessing
using a HIM, an ion energy of 30 keVis typically employed.
Although several studies have examined the influence of
higher-energy Heþ irradiation on the properties of thin
YBCOfilms [5,6,10,23,24], a comprehensive analysis of the
effects of 30-keV Heþ irradiation is still lacking.
Our study aims to establish a robust foundation for

subsequent applications of the He-FIB technique by
providing a comprehensive dataset on YBCO thin films
irradiated with 30-keV Heþ ions over large areas. We
systematically investigate the modifications of the a, b,
and c crystallographic lattice parameters, the evolution of
Raman-active modes and spectral background as a func-
tion of ion fluence, and changes in the electrical transport
properties through magnetoresistivity and Hall-effect mea-
surements, including derived estimates of the anisotropy
and upper critical fields. Taken together, these results
provide quantitative guidelines for optimizing irradiation
conditions in the current and future fabrication of func-
tional nanostructures using a HIM.

II. METHODS

Thin YBCO films were epitaxially grown on
ðLaAlO3Þ0.3ðSr2AlTaO6Þ0.7 (LSAT) substrates by pulsed
laser deposition (PLD). X-ray diffraction (XRD) θ − 2θ
scans yield c-axis-oriented films, and Laue oscillations
at the YBCO (001) Bragg peak were used to determine
the film thickness t. The full width at half maximum of
typically ≲0.1° of the rocking curve from the YBCO (005)
peak [21] confirmed excellent epitaxial growth of the
films.
For XRD analysis of structural modifications induced

by He-ion irradiation, we grew two 50-nm-thick YBCO
films on 10 mm × 10 mm LSAT substrates and cut each of

them into six 4.5 mm × 3 mm small chips. Two of them
(one from each batch) were examined by XRD prior to
irradiating all 12 small chips at the Ion-Beam Center of the
Helmholtz-Zentrum Dresden-Rossendorf, Germany.
Ion irradiation at room temperature was carried out using

an ion implanter (Danfysik A/S, Denmark, Model 1050)
with Heþ ions at an energy of 30 keV and ion fluences
Φ in the range from 5 × 1014 cm−2 to 1 × 1016 cm−2
(5 nm−2 to 100 nm−2), incident orthogonally to the film
surface. The fluence was monitored by Faraday cups with
an accuracy of 4%. Stopping and Range of Ions in Matter
and Transport of Ions in Matter (SRIM/TRIM) simulations
[25] were performed with atomic displacement energies of
35 eV for yttrium and barium (Ba) [26]; 15 eV for copper
(Cu)(1) and Cu(2) [27]; 8.4 eV for oxygen (O)(2), O(3),
and O(4) [28]; and 1 eV for O(1) [29]. The results indicate
that essentially all 30-keV Heþ ions traverse YBCO films
with thickness t≲ 50 nm and are only decelerated and
implanted within the LSAT substrate.
Following ion irradiation, the samples were stored for

more than 2 weeks in a dry nitrogen atmosphere at ambient
temperature to facilitate the annealing of defects with low
activation energies. This protocol is motivated by our
previous observation that a fraction of the ion-induced
atomic displacements recombines at room temperature on
a timescale of days, whereas the remaining defects persist
over timescales of years [14,22]. All XRD measurements
on irradiated samples were conducted within 3 weeks in
order to minimize residual relaxation processes occurring
between successive data acquisitions.
The crystal structure of the YBCO thin films was

examined by XRD using an X’Pert MRD Pro diffracto-
meter (Philips), equipped with a PIXel1D line detector
(Malvern Panalytical GmbH), and employing Cu Kα1
radiation with a wavelength of λ ¼ 1.540598 Å. All ð00lÞ
peaks with sufficient intensity were used for subsequent
analysis of the c-axis lattice parameter. Owing to a slight
orthorhombic distortion in the a and b lattice parameters,
the YBCO films are twinned, i.e., the a and b crystallo-
graphic directions are interchanged across domains.
Consequently, separate (308) and (038) Bragg peaks were
observed in the 2θ-ω two-axis scans. For lower ion
fluences Φ < 5 × 1015 cm−2, the diffracted intensities
were first integrated over the ω angle, and the resulting
intensity-versus-2θ profiles were smoothed using a
Savitzky–Golay filter to identify and analyze the position
of the two Bragg peaks. At higher fluences, the (308) and
(038) peaks progressively merged and therefore had to be
analyzed manually.
For the electrical characterization, two YBCO thin films

with tA ¼ 28 nm (chip A) and tB ¼ 30 nm (chip B) were
grown on 10 mm × 10 mm LSAT substrates and capped
in situ with 20-nm-thick gold (Au) layers deposited by
electron beam evaporation immediately after PLD growth.
In a first patterning step, by photolithography and argon
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ion beam etching, we milled the Au and YBCO bilayers on
chip A to produce 12 bridge structures of 8 μm width and
40 μm length, with voltage probes separated by 20 μm. On
chip B, four bridge structures with dimensions 40 μm ×
180 μm and voltage probes separated by 70 μm were
patterned. Subsequently, in a second lithography step, the
Au capping layer was removed from the microbridge
regions using Lugol’s iodine solution, thereby providing
direct access to the underlying YBCO film for irradiation
while preserving the integrity of the electrical contact
regions.
The YBCO microbridges on chip A were subsequently

processed using a Zeiss Orion NanoFab HIM. The 30-keV
Heþ ion beam was defocused by moving the beam focus
point by þ25 μm, thereby increasing its diameter on the
sample surface to approximately 350 nm. This setting was
used to irradiate a square lattice with a point-to-point
spacing of 12 nm over an area of 100 μm × 40 μm. The
irradiated region fully encompassed the width of the bridge
and extended beyond the locations of the voltage probes.
Under these conditions, spatial variations in the local ion
fluence are negligible, such that the effective areal ion
fluence conforms to broad-beam irradiation and is gov-
erned solely by the total number of ions incident on
the bridge. Consequently, the irradiation fluence values
achieved with the ion implanter and the HIM are equiv-
alent. The temporal stability of the gas field ion source
current in the HIM is approximately 2% [30], which
determines the accuracy of the delivered fluence. Chip B
was used for reference measurements of an unirradiated
bridge.
Magnetoresistivity and Hall-effect measurements were

carried out using a Physical Property Measurement System
(Quantum Design) equipped with a 9 T superconducting
solenoid and a variable-temperature insert. Electrical
contacts to the sample holder were prepared with
50-μm-diameter Au wires and silver paste, and the holder
was mounted on a horizontal rotator. The angular scale of
the rotator was calibrated by monitoring the pronounced
minimum in the magnetoresistance associated with the
intrinsic vortex lock-in transition [31], which occurs when
the applied magnetic field is precisely aligned parallel
to the CuO2 planes. To suppress spurious thermoelectric
contributions, all measurements were performed for both
current polarities. Hall measurements were additionally
conducted for both polarities of the magnetic field, and the
Hall voltage was obtained as half of the difference between
the corresponding transverse voltage signals.
Raman spectra were acquired at room temperature on

the same specimens used for the transport measurements
employing a WITec alpha 300 A system, which integrates
a Raman spectrometer with a high-resolution confocal
optical microscope. A 532 nm excitation laser with a
power of 3 mW was coupled to the sample surface via a
single-mode optical fiber and focused onto the specimen

by the microscope optics. The backscattered radiation was
collected through the same objective lens, coupled into a
multimode optical fiber, and guided to a spectrometer
equipped with a 600 grooves/mm diffraction grating and a
CCD detector. For each sample, Raman spectra were
recorded at three distinct positions and subsequently
averaged. Owing to the small thickness of the YBCO
film, a substantial background contribution originating
from the substrate was observed and numerically sub-
tracted. The signal-to-noise ratio was optimized by
employing the maximum laser power that did not induce
any detectable modification or degradation of the sample
surface, as verified by the reproducibility of successive
spectra acquired at the same location.

III. RESULTS AND DISCUSSION

The set of samples examined in this study spans un-
irradiated, pristine YBCO thin films to specimens exposed
to ion irradiation with a fluence of Φ ¼ 1 × 1016 cm−2, a
value at which superconductivity is completely suppressed,
and the YBCO crystal structure is, to a large extent,
destroyed. The YBCO unit cell and the conventional
notation for the atomic sites are illustrated in Fig. 1.
Two fluence values are essential for the design of

superconducting devices: on the one hand, the complete
suppression of superconductivity enables the creation of
barriers in Josephson junctions or pinning sites for
Abrikosov vortices. On the other hand, amorphization
of the crystalline structure is unfavorable, as amorphous
tracks created by He-FIB grow in diameter with increasing

FIG. 1. Unit cell of YBCO in the orthorhombic phase. The
CuO2 planes, highlighted in gray, host superconductivity, en-
abled by hole-charge transfer from the Cu(1)-O(1) chains in the
basal planes. The vacant O(5) positions are shown in white.
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numbers of impacting ions [8] and deteriorate the method’s
resolution [9]. Thus, the operational range is typically
selected between these two fluence values.

A. X-ray diffraction

The high-crystalline quality and epitaxial growth of the
thin YBCO films are evidenced by the sharp ð00lÞ
diffraction peaks shown in the θ-2θ scan of a pristine
reference film in Fig. 2(a). Upon Heþ irradiation, the
intensities of the ð00lÞ peaks decrease, their widths
increase, and their positions shift to lower diffraction
angles, as displayed in Fig. 2(b) for the YBCO (005)
peak. In particular, for ion fluences Φ > 5.0 × 1015 cm−2,
the intensity of the (005) peak is significantly reduced and
is almost fully suppressed for Φ > 7.0 × 1015 cm−2. From

the diffraction peak positions, the out-of-plane c-axis
lattice parameter was determined and is observed to
increase approximately linearly as a function of ion
fluence, as shown in Fig. 2(c).
A comparable, nearly linear expansion of the lattice is

well established from investigations of oxygen-deficient
YBCO [32,33], where the reduced occupancy of the O(1)
sites diminishes the strength of the covalent bonding
within the stacked YBCO structure. There is, however,
a notable distinction: whereas the c-axis lattice parameter
increases from 11.67 Å to 11.83 Åwith increasing oxygen
deficiency in the range 0.05 < δ < 0.95, Heþ irradiation
leads to an expansion to significantly larger c ∼ ð12.05�
0.06Þ Å atΦ ¼ 1.0 × 1016 cm−2. Although the latter value
must be interpreted with caution due to the predominant
amorphization of the YBCO film under these conditions,

FIG. 2. XRD analysis of YBCO thin films deposited on LSAT substrates. (a) ð00lÞ reflection peaks in the θ-2θ scan of a pristine
reference film. The asterisks denote peaks that are presumably associated with the aluminum sample holder. (b) Evolution of the (005)
peak upon irradiation with 30-keV Heþ ions at various fluences. (c) Evolution of the out-of-plane lattice parameter c inferred from the
positions of the ð00lÞ peaks. The line represents a linear regression. (d) Variation of the in-plane lattice parameters a and b of YBCO as
a function of fluence, determined from two-axis scans of the (308) and (038) peaks. (e)–(g) Two-axis (2θ-ω) maps of the (308) and
(038) diffraction peaks for the pristine film and films irradiated with fluences of 4.0 × 1015 cm−2 and 8.0 × 1015 cm−2, respectively.
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the more pronounced unit-cell expansion clearly reflects
the distinct microscopic mechanisms underlying oxygen
depletion versus ion irradiation. As discussed in detail in
Secs. III C and III F, the electrical transport measurements
indicate that irradiation-induced oxygen loss is negligible
and instead point to enhanced structural disorder as the
primary origin of the observed lattice expansion.
The XRD measurements also enable the determination

of the in-plane lattice parameters a and b, which are
presented in Fig. 2(d). While the crystal structure along the
a axis exhibits only a marginal expansion with increasing
ion fluence, the b lattice parameter decreases, resulting in
an orthorhombic-to-tetragonal (O-T) phase transition at
approximately Φ ≈ 8.0 × 1015 cm−2. This structural evo-
lution is illustrated in Figs. 2(e)–2(g) by false-color maps
of the two-axis (2θ − ω) diffraction intensities. In the
pristine film, two well-separated diffraction maxima are
observed; these begin to partially merge at Φ ¼ 4.0 ×
1016 cm−2 and fully coalesce at Φ ¼ 8.0 × 1015 cm−2.
Upon irradiation, both peaks shift to smaller 2θ angles,
consistent with an increase in the out-of-plane c-axis
lattice parameter.
The comparatively low XRD signal intensities render an

unambiguous determination of the O-T phase transition
challenging. Beyond this instrumental limitation, a broad-
ening of the diffraction peaks is expected, which can be
attributed to local variations in the orthorhombicity of the
unit cell. Molecular dynamics simulations of irradiation-
induced damage [7] suggest that Frenkel defects are
generated by displacing CuO chain oxygen atoms from
the O(1) site into the initially vacant O(5) positions within
the same crystallographic plane of the unit cell. Atmoderate
ion fluences, this process may not be fully stochastic,
thereby promoting the formation of finite CuO chain
segments. These segments, in turn, lead to an anisotropic
modification of the lattice, giving rise to a disproportionate
change in the a and b lattice parameters. The rearrangement
of such CuO chain segments has been proposed as one
of the mechanisms underlying persistent photoconductivity
in oxygen-deficient YBCO [34], a phenomenon that has
indeed also been observed in YBCO irradiatedwith 75-keV
[35] and 80-keV [36] Heþ ions.
Notably, an O-T phase transition is not necessarily

associated with oxygen depletion [37]. The distinction
in the present case is that, under ion irradiation, the in-
plane lattice parameter a ≃ 3.84 Å remains essentially
invariant, whereas the parameter b exhibits an approx-
imately linear decrease as a function of increasing
fluence. Taking into account the error bars in Fig. 2(d),
together with the merging of the (308) and (038)
diffraction peaks in the 2θ-ω scans shown in Fig. 2(g),
we infer that the films undergo a transition to a tetragonal
structure for Φ ≥ 8.0 × 1015 cm−2.
In oxygen-deficient YBCO, by contrast, the lattice

parameter a increases while b decreases, and the two

become equal only for δ≳ 0.7. An XRD investigation of
YBCO films irradiated with 90-keV Heþ ions reported
essentially no variation ina andb forΦ ≤ 5.0 × 1015 cm−2,
followed by an abrupt orthorhombic-to-tetragonal transi-
tion with a ¼ b for Φ ≥ 5.0 × 1015 cm−2 [10].
Moreover, recent nanofocused XRD measurements

[10,38] have revealed that variations in the lattice param-
eters also depend on the lateral dimensions of the irradi-
ated region. This behavior has been attributed to the elastic
strain energy arising at the interface between the irradiated
and nonirradiated (pristine) areas of the film, which can
induce crystal-lattice distortions that interact with ion-
irradiation-induced defects. Indeed, recent findings indi-
cate that strain effects play a significant role in governing
the magnetic and electric properties of YBCO [39].

B. Raman scattering

Raman spectroscopy is an effective method for probing
local structural modifications induced by irradiating
YBCO with 30-keV Heþ ions. However, it must be noted
that the probing laser also penetrates into the underlying
substrate, whose Raman-active modes contribute to the
overall measured signal. LSAT is regarded as a suitable
substrate for Raman investigations, as it exhibits compa-
ratively broad spectral windows devoid of phonon modes,
combined with a weak and spectrally flat Raman back-
ground [40]. Reference measurements performed on an
uncovered region of the substrate identified Raman modes
of LSAT at 148 cm−1 and 469 cm−1, as indicated by the
gray-shaded area in Fig. 3(a).
Figure 3 presents the Raman spectra of a pristine

reference sample and multiple YBCO bridges fabricated
on the same chip A and subsequently irradiatedwith 30-keV
Heþ ions at different fluences. In all spectra, the contribution
of the substrate, obtained from an independent reference
measurement, as well as the baseline of the Raman signal,
has been subtracted. Note that the samples are the same as
those previously employed for the transport measurements
discussed in Secs. III C–III F.
In the Raman spectrum of the unirradiated sample,

as shown in Figs. 3(a) and 3(b), five vibrational modes
are discernible. The line at 109 cm−1 originates from
vibrations of the Ba atoms [41], whereas the feature at
144 cm−1 is attributed to the Cuð2Þ-Ag vibrational mode
[42]. The latter is a well-established probe of the oxygen
content and exhibits a shift toward lower wave numbers
upon oxygen depletion. Its spectral weight increases
with the volume fraction of the tetragonal phase.
Although the peak position changes only slightly from
144 cm−1 to 142 cm−1 at the highest fluence, its spectral
weight increases significantly, indicating that the oxygen
stoichiometry remains essentially unchanged while the
fraction of tetragonal unit cells in the samples grows.
Oxygen-deficient YBCO is characterized by a Raman
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mode at 228 cm−1, arising from vibrations of copper
atoms located at the terminations of disrupted CuO chains
[43]; this feature is absent in our data, and we hypothesize
that irradiation-induced redistribution of oxygen from the
O(1) to the O(5) sites may suppress this Cu vibrational
mode, in contrast to oxygen-deficient YBCO, in which the
O(5) sites remain essentially unoccupied. Even consider-
ing a possible contribution of the LSAT substrate peak at
148 cm−1 that could influence the detailed line shape of
the 144 cm−1 phonon, the lack of any detectable 228 cm−1
signal provides strong evidence against significant oxygen
depletion during irradiation.
The vibrational mode at 336 cm−1 is associated with

out-of-phase displacements of the O(2) and O(3) atoms. A
decrease in oxygen content is expected to manifest as a
transformation of the corresponding spectral line shape
from a Fano profile to a symmetric Lorentzian function
[44]. Although such a transition is not detected in the
present measurements, a slight shift of the Oð2; 3Þ-Ag

phonon from 336 cm−1 to approximately 334 cm−1 is
observed. This behavior, albeit infrequently reported, has
been ascribed to tensile stress arising from microstructural
damage induced by ion irradiation [45].
Resonances at approximately 451 cm−1 and 498 cm−1

can be assigned to the tetragonal and orthorhombic phases
of YBCO, respectively [42]. While the former may be
perturbed by the proximity of the LSAT substrate line, the
latter is associated with vibrational modes of the apical
O(4) atoms along the crystallographic c axis. These apical
oxygens constitute the bridging link between the CuO
chains and the CuO2 planes. The spectral weight of
this peak decreases markedly already at a fluence of

Φ ¼ 1 × 1015 cm2. At higher fluence, the apparent broad-
ening of the feature is more consistently interpreted as
arising from the emergence of a second resonance at
484 cm−1. Analogous peak splitting has previously been
attributed to the Ortho-II phase in oxygen-deficient YBCO
[44], which is characterized by alternating fully occupied
and empty CuO chains. However, since our measurements
provide no evidence for substantial oxygen depletion
under any of the investigated conditions, we instead
propose that this behavior originates from stochastic
migration of oxygen atoms from O(1) to O(5) sites.
Two additional features in the Raman spectrum [not

marked in Fig. 3(b)] merit attention. The first is an
emergent peak at 92 cm−1, which has not been reported
in the experimental literature and may be associated with
low-energy vibrational modes of the Ba atom parallel to
the ab plane, according to theoretical calculations [46,47].
The second concerns a broad band centered at approx-
imately 560 cm−1, for which a consensus on the under-
lying phonon modes has not yet been reached. However, its
assignment to the formation of oxygen vacancies at the
O(1) sites, as inferred from oxygen-depletion experiments
[48], is further corroborated by our data, which show an
enhancement of this band upon irradiation.
Finally, the enhancement of the background intensity

evident in Fig. 3(a) represents a generic spectroscopic
hallmark of irradiation-induced increase in structural
disorder. Taken together, the Raman scattering data
substantiate the interpretation that the interaction of
incident Heþ ions with the YBCO crystal lattice leads
predominantly to displacements of O(1) atoms, presum-
ably accompanied by partial occupation of O(5) sites.
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FIG. 3. (a) Raman spectra of YBCO bridges subjected to different irradiation conditions. The gray region represents the Raman
response of the LSAT substrate, acquired from the same sample (intensity not to scale). (b) The five Raman spectra are displayed with
uniform vertical offsets for clarity. The dashed lines indicate Raman-active modes discussed in the main text. Each spectrum
corresponds to the average of three measurements acquired at different positions on the same bridge. A baseline correction has been
applied, and the substrate contribution has been subtracted.
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The overall crystallographic framework remains largely
intact, at least for irradiation fluencesΦ≤ 4.5×1015 cm−2,
as evidenced by the negligible changes in the 336 cm−1
mode associated with vibrations of atoms in the CuO2

planes.

C. Resistivity

Modifying the electrical transport properties of YBCO
in both its superconducting and normal states constitutes a
primary objective of ion-irradiation studies. Figure 4(a)
displays the evolution of the resistivity-temperature
dependence ρðTÞ before and after irradiation with 30-
keV Heþ ions at various fluences. Irradiation-induced
defects give rise to an enhancement of the normal-state
resistivity ρNðTÞ accompanied by a suppression of the
critical temperature Tc. At low fluences, the slope of ρNðTÞ
remains nearly unchanged; however, for fluences exceed-
ing 3.0 × 1015 cm−2, it decreases, and the initially metallic
temperature dependence progressively evolves into a
thermally activated hopping behavior at low temperatures
[49]. Remarkably, at a fluence of 4.5 × 1015 cm−2, ρNðTÞ
becomes nearly temperature independent in the range
120 K < T < 325 K, a characteristic that may be advanta-
geous for specific device applications.
In accordance with prior studies, the normal-state

resistivity of superconducting YBCO (as well as that of
most other HTS) can, to a very good approximation, be
represented by:

ρNðTÞ ¼ αT þ β; (1)

where the slope α is inversely proportional to the normal-
state carrier concentration [50], whereas the intercept β
represents a temperature-independent carrier-scattering
rate [51]. The value β ¼ 27.6 μΩ cm obtained for the

pristine sample is similar to reports on 50-nm-thin YBCO
films [24] and indicates a low density of carrier-scattering
defects. Upon irradiation, β increases linearly with fluence
for Φ ≤ 3.0 × 1015 cm−2, as shown in Fig. 4(b). The
subsequent upturn of βðΦÞ at higher fluence is most likely
associated with an increasing prevalence of the thermally
activated ρðTÞ behavior, which renders the simple linear
relation in Eq. (1) inapplicable in this regime.
The negligible variation of the parameter α up to Φ ≤

3 × 1015 cm−2 indicates that the charge-carrier concen-
tration remains essentially unchanged. Furthermore, the
density of mobile carriers is directly connected to the
oxygen content of YBCO [52], corroborating the inter-
pretation that the suppression of Tc is governed primarily
by irradiation-induced defect formation, rather than by
oxygen depletion. Moreover, the characteristic downturn
(the so-called “S-shaped” feature) in the ρNðTÞ curves of
underdoped YBCO [50,52], typically associated with the
onset of the pseudogap [53], is absent in the present dataset.
No evidence for multiple domains with different super-

conducting properties—typically expected to manifest as
a shoulder in the resistive transition—is observed. This
absence implies that the irradiation predominantly creates
randomly distributed point defects that do not aggregate
into extended defect clusters. By contrast, irradiation with
heavier ions, such as 1-MeV Neþ ions, has been reported
to induce a two-step superconducting transition, which has
been attributed to an inhomogeneous spatial distribution of
irradiation-induced defects [54]. In the present samples,
however, the superconducting transition, while remaining
single-step, exhibits a noticeable broadening upon irradi-
ation. This broadening is most plausibly ascribed to the
strong sensitivity of the superconducting order parameter
to local variations in defect density, a sensitivity that is
amplified by the very short in-plane Ginzburg–Landau
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FIG. 4. Evolution of electric transport properties of YBCO microbridges with ion fluence [colors and symbols are defined in
panel (c)]. (a) ρðTÞ curves. Broken lines are linear fits to the normal-state resistivity ρNðTÞ. (b) Intercepts β and slopes α obtained from
the linear fits in panel (a). The solid line represents a linear fit, and the broken lines are guides to the eye. (c) Tc;onset vs displacements
per atom (dpa). The solid line represents a fit based on the Abrikosov–Gor’kov pair-breaking theory, Eq. (2). Inset: Representative
depth profile of the dpa extracted from simulations. The data within the depth interval indicated by the gray-shaded region are averaged
to obtain the effective dpa values displayed in the main panel.
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coherence length at T ¼ 0, ξabð0Þ < 2 nm [55], extending
over only a few unit cells.
For a more detailed assessment of the impact of irradi-

ation, we define a superconducting onset temperature,
Tc;onset, as the intersection between a fit to the normal-state
resistivity, ρNðTÞ, and a linear fit to the steepest segment of
the superconducting transition. The resistivity at this
intersection point is denoted as ρonset and is employed as
an approximate parameter to model an abrupt supercon-
ducting transition commencing below Tc;onset. Through this
procedure, we aim to minimize the influence of transition
rounding arising from fluctuations of the superconducting
order parameter. The fitting procedure is described in detail
elsewhere [56]. The evolution ofTc;onset as a function of dpa,
obtained from SRIM and TRIM simulations, is shown in
Fig. 4(c). At low fluences,Tc;onset exhibits an approximately
linear decrease with increasing dpa; however, for fluences
exceeding 3.0 × 1015 cm−2, it is more strongly suppressed
and tends toward zero. At a fluence of 4.5 × 1015 cm−2, no
signatures of superconductivity are observed down to 2 K.
The reduction of Tc;onset with increasing fluence is

quantitatively described by the Abrikosov–Gor’kov pair-
breaking theory [57]. Although this theory was originally
developed for magnetic impurities, it was subsequently
predicted to be applicable as well to nonmagnetic impu-
rities in superconductors with d-wave order-parameter
symmetry [58]. It is now firmly established that this
theoretical framework also provides an adequate descrip-
tion of pair-breaking phenomena in HTS [28,49,59]. The
normalized critical temperature Tc;onset=T0, where T0 ¼
90.1 K denotes the critical temperature of the pristine
(unirradiated) superconducting film, can be represented as
a function of the pair-breaking scattering time τp [28]:

ln
�
Tc;onset

T0

�
¼ Ψ

�
1

2

�
− Ψ

�
1

2
þ C
4πτpTc;onset

�
; (2)

where Ψ denotes the digamma function, C is a propor-
tionality constant with units of K · s, and τp is inversely
proportional to the defect density, which in turn is
correlated with the dpa value. It is significant to note that
the fit to Eq. (2), represented by the solid line in Fig. 4(c),
involves only a single adjustable parameter, namely, the
ratio C=τp.
The experimental data and corresponding fit presented

in Fig. 4(c) can be utilized to quantitatively correlate
SRIM and TRIM simulations with the measured Tc;onset,
as outlined in Ref. [56]. Briefly, the simulations yield a
depth-resolved damage profile in terms of dpa, which
exhibits moderate variations due to the development of
secondary collision cascades and a non-negligible contri-
bution from the underlying substrate, as depicted in the
inset of Fig. 4(c). Moreover, in YBCO thin films, some
layers at the surface and at the interface to the substrate
contribute only marginally to electric transport [60].
To reduce the influence of these effects, we calculated
an average dpa value over the film thickness interval from
10 nm to 22 nm, and this averaged quantity was then
compared with the experimentally determined Tc;onset at
the corresponding ion fluence. Note that the experimental
fluence and the dpa determined from simulations in
Fig. 4(c) are related by Φ ¼ 1.453 × 1016 cm−2 × dpa.
The Tc;onsetðΦÞ values are listed in Table I and establish

a quantitative design parameter for the controlled modi-
fication of superconducting circuits via HIM irradiation
of YBCO thin films. For ion fluences up to Φ ≤ 3.0×
1015 cm−2, the superconducting transition temperature
decreases linearly with increasing irradiation fluence, with
a suppression rate of dTc;onset=dΦ ≈ −1.68 ×10−14 K cm2.
Alternatively, we place our present results for 30-keV

Heþ ion irradiation at normal incidence in the broader
framework of nonionizing energy loss (NIEL), which
quantifies the primary knock-on displacements produced
by incident particles in the target lattice. A universal linear

TABLE I. Magnetotransport characteristics of YBCO thin-film microbridges (sample A) prior to and following irradiation with
30-keV Heþ ions. Data from sample B are marked by an asterisk. The corresponding physical quantities are defined in detail in the
main text and are listed with their 95% confidence ranges. Values in brackets may be influenced by constraints in the available data
range.

Fluence (cm−2) Tc (K) Tc−onset (K) Tc0 (K) Bc
c2ð0Þ (T) Bab

c2 ð0Þ (T) ξabð0Þ (nm) ξcð0Þ (nm) γ lð100 KÞ (nm)

Unirradiated 88.8 90.1 86.2 101.1� 4 651.8� 56 1.80� 0.03 0.28� 0.03 6.5� 0.6 ½� � ��
90.0* 91.4* 88.3* 110.8� 8* (637.3)* 1.72� 0.06* (0.30)* 5.8� 1.8* 11*

0.5 × 1015 80.6 84.0 75.9 95.3� 4 520.5� 87 1.90� 0.04 0.34� 0.06 5.5� 1.0 5.6

1.0 × 1015 70.7 76.8 63.0 73.0� 2 340.8� 31 2.12� 0.03 0.45� 0.05 4.7� 0.5 4.4

1.5 × 1015 (59.5) (66.1) 49.0 ½� � �� ½� � �� ½� � �� ½� � �� ½� � �� ½� � ��
2.5 × 1015 43.7 51.1 32.3 30.1� 2 59.3� 15 3.31� 0.10 1.68� 0.41 2.0� 0.5 2.9

3.0 × 1015 33.8 42.0 19.7 22.4� 2 ½� � �� 3.83� 0.15 ½� � �� ½� � �� ½� � ��
4.0 × 1015 10.8 19.0 <1.8 11.9� 4 33.0� 1 5.27� 0.70 1.89� 0.26 2.8� 0.8 1.8
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relationship spanning approximately 7 orders of magni-
tude in NIEL, and incorporating electron, proton, and
heavy-ion irradiation, has been established to predict
dTc=dΦ at moderate fluences for arbitrary particle species,
kinetic energies, and fluences based solely on a NIEL
calculation [61]. Employing the same displacement thresh-
old energies as in the TRIM and SRIM simulations,
we obtain a NIEL value of 10.4 MeVcm2 g−1 using the
SR-NIEL simulation package [62]. On this basis, our
measured dTc;onset=dΦ ≈ −1.68 × 10−14 K cm2 is approx-
imately 0.3 times the value predicted by the universal NIEL
scaling, yet it remains well within the scatter observed for a
broad range of ion-target combinations [61]. As discussed
below, a plausible origin of this deviation is ion channeling.
In the same fluence regime (Φ ≤ 3.0 × 1015 cm−2), the

normal-state resistivity in the temperature range 100 K ≤
T ≤ 300 K exhibits a linear increase characterized by a
slope of dρN=dΦ ≈ 2.9 × 10−19 Ω cm3. At higher fluences,
Φ ≥ 4.5 × 1015 cm−2, superconductivity is fully sup-
pressed, and the YBCO thin film exhibits thermally
activated transport at low temperatures.
Comparisons with other literature data on Heþ irradi-

ation of YBCO must be undertaken with caution. Under
conditions of normal (orthogonal) incidence of the ion
beam on highly ordered, ultrathin YBCO films, as
encountered when employing a HIM, a significant frac-
tion of the ions can undergo channeling along the
crystallographic c axis and propagate through the crystal
lattice with minimal scattering. In fact, Heþ ion channel-
ing and backscattering are routinely employed as highly
sensitive analytical methods for evaluating the orienta-
tional quality and crystallinity of materials [63]. In the
context of defect engineering, however, such channeling
diminishes the effective number of ions that undergo
scattering events and are thus available for the generation
of point defects.
With the HIM parameters employed in this study, the

convergence semiangle of the ion beam is approximately
0.3°, whereas the Lindhard critical angle for channeling of
2-MeV Heþ ions has been reported to be larger, approx-
imately 0.7° [64]. According to Lindhard’s classical theory
of ion channeling [65], the critical angle scales with the
square root of the inverse ion energy, which implies a
broader angular window for channeling of 30-keV ions
in YBCO. Furthermore, the observation that dTc;onset=dΦ
is only 0.3 times the value predicted by a NIEL-based
calculation supports the hypothesis that ion channeling
plays a significant role in He-FIB irradiations of thin
epitaxial YBCO films. Indeed, studies in 50-nm-thick
YBCO films employing broad-beam 80-keV Heþ irradi-
ation at 7° inclination, where channeling is absent, reported
an approximately threefold enhancement in the irradiation
efficiency for Tc suppression [24], as compared with the
present work. These findings also indicate that the reduc-
tion in nuclear scattering cross section at higher ion

energies has a comparatively minor effect relative to
deviations from orthogonal incidence.

D. Superconducting transition in magnetic fields

In HTS, the application of external magnetic fields
oriented parallel to the crystallographic c axis leads to a
pronounced broadening of the superconducting transition,
which is commonly attributed to strong superconducting
fluctuations and complex vortex dynamics in themixed state
[66]. This field-induced broadening remains clearly dis-
cernible following Heþ ion irradiation, as demonstrated in
Figs. 5(a)–5(c). For the purposes of quantitative analysis, we
define the critical temperature Tc as the point of the super-
conducting transition, where ρðT; BÞ ¼ ρonsetðB ¼ 0Þ=2.
Notably, the relative shift ½Tcð8 TÞ − TcðB ¼ 0Þ�=
TcðB ¼ 0Þ increases inmagnitude from−6% in the pristine
sample to−37% in themicrobridge irradiatedwith a fluence
ofΦ ¼ 4.0 × 1015 cm−2. This pronounced enhancement of
the field-induced suppression of Tc indicates a significant
reduction of the upper critical field Bc

c2ð0Þ by irradiation.
For the subsequent analysis, we define Bc

c2ðTÞ by the
values TcðBÞ. The extrapolation to T ¼ 0 is carried out
using the Helfand–Werthamer formalism [67].

Bc
c2ð0Þ ≃ −0.7 · Tc ·

dBc
c2ðTÞ
dT

����
Tc

; (3)

where dBc2=dT is obtained from a linear regression of the
data in the magnetic-field interval between 2 T and 8 T.
Within this range of applied fields, the experimental data
exhibit a strictly linear dependence, whereas measure-
ments at lower fields display a slight positive curvature and
are additionally affected by larger experimental uncertain-
ties. Consequently, these low-field data points were
excluded from the fitting procedure.
The extrapolation yields a value of Bc

c2ð0Þ ¼ 101� 4 T
for the pristine bridge, which is in good agreement with
reports on untwinned 50-nm-thick YBCO samples [68].
Upon irradiation, Bc

c2ð0Þ decreases rapidly, following
an approximately exponential decay, as illustrated in
Fig. 5(d). The upper critical field values can additionally
be employed to estimate the in-plane coherence length at
T ¼ 0, defined as ξabð0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ0=½2πBc

c2ð0Þ�
p

, where Φ0

denotes the magnetic flux quantum. The corresponding
values of ξabð0Þ are compiled in Table I.
Since enhanced scattering diminishes the carriers’

normal-state mean-free path l, the conventional dirty-limit
renormalization of the coherence length, ξ →

ffiffiffiffi
ξl

p
, would

predict a reduction of ξabð0Þ and a concomitant increase of
Bc
c2ð0Þ with increasing irradiation fluence. Contrary to this

expectation, we detect only a negligible change in the
slopes dBc

c2ðTÞ=dT upon irradiation, together with the
development of a positive curvature of Bc

c2ðTÞ for B ≤ 1 T.
Therefore, the experimentally observed decrease of Bc

c2ð0Þ
can be attributed predominantly to the suppression of Tc,
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consistent with Eq. (3). In oxygen-implanted YBCO films,
a reduction of dBc

c2ðTÞ=dT has been reported and was
ascribed to defect-induced spatial inhomogeneities of
ξabð0Þ [69]. In contrast, our measurements indicate that
pronounced spatial modulations of ξabð0Þ are absent in the
present samples.
The low-resistivity segment of the superconducting

transition can be described by a thermally activated
flux-flow behavior, ρðB;TÞ¼ ρ0ðBÞexp ½−U0ðBÞ=ðkBTÞ�,
whereU0ðBÞ denotes the activation energy associated with
vortex motion and kB is the Boltzmann constant. From
the slopes of the corresponding Arrhenius plots, the
quantity U0ðBÞ is extracted and represented in Fig. 5(e)
in terms of the characteristic temperatures U0ðBÞ=kB for
different irradiation fluences and magnetic fields. For
fluences Φ < 3.0 × 1015 cm−2, the resistivity data obey
the Arrhenius relation over approximately three decades in
ρ. At higher irradiation levels, the low-resistivity tail
develops a pronounced positive curvature, which can be
attributed to a crossover from purely thermally activated
flux motion to a vortex-glass regime [24].
Irradiation results in a pronounced reduction of U0 up to

a fluence of Φ ¼ 3.0 × 1015 cm−2. For still higher flu-
ences, a reliable determination of U0 is no longer feasible,

or superconductivity is completely suppressed. In the
pristine film, U0 approximately follows a B−0.5 depend-
ence at low magnetic fields; after irradiation, this field
dependence becomes less steep at low fields but tends
to recover the B−0.5 scaling at higher magnetic fields.
Notably, the slopes of the U0ðBÞ characteristics shown in
Fig. 5(e) are very similar for all irradiated bridges.
The introduction of point defects into our twinned

YBCO films diminishes the effectiveness of the one-
dimensional pinning associated with twin boundaries
aligned parallel to the c axis by promoting lateral out-
bending and entanglement of the vortex lines. In this
resulting entangled vortex state, thermally assisted plastic
vortex flow has been analyzed theoretically [70], yielding
a predicted dependence U0 ∼ B−0.5. Consistent with this
prediction, YBCO films irradiated with 80-keV Heþ ions
exhibited such a field dependence [24]. Moreover, in
electron-irradiated untwinned YBCO single crystals
[71], as well as in twinned YBCO crystals irradiated with
protons [72], a scaling behavior U0 ∼ B−0.7 was observed
and was likewise attributed to enhanced vortex-line wan-
dering that ultimately overcomes the localizing influence
of the twin boundaries.
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We determine the irreversibility lines BirrðTÞ at the
“offset” temperature Tc0, defined by the condition
ρðTc0Þ ¼ 10−3ρð100 KÞ at which the resistivity becomes
negligibly small. The results are presented in Fig. 5(f).
Notably, the slopes of BirrðTÞ exhibit only a minimal
change upon irradiation, while the curves are systemati-
cally shifted to lower temperatures. This behavior stands in
contrast to oxygen-depleted YBCO, where a reduction in
the slope has been reported, and the data follow a universal
scaling relation BirrðTÞ ¼ B�

0ð1 − T=Tc0Þn with n ≈ 1.7
[73]. In the present samples, the exponent lies in the
range 1.5 ≤ n ≤ 2.8, evolving from the pristine film to the
specimen irradiated at a fluence of Φ ¼ 3.0 × 1015 cm−2.

E. Anisotropy

The intrinsically layered crystal structure of YBCO
gives rise to a pronounced anisotropy in numerous physi-
cal properties. When an electrical current is applied
parallel to the ab planes and the external magnetic field
is rotated within a plane perpendicular to the current
direction, the Lorentz force acting on the vortices remains
constant. Nevertheless, for the configuration Bkab the
vortices become effectively “locked” between the CuO2

layers [74], which leads to a markedly reduced vortex
mobility and, consequently, to a lower resistivity compared
with the configuration Bkc. This behavior is illustrated in
Figs. 5(a)–5(c) for an unirradiated reference bridge and
two irradiated bridges. Correspondingly, the broadening of
the superconducting transition in magnetic fields with
Bkab is significantly smaller.
Applying the same procedure as before to estimate Bab

c2
for in-plane oriented magnetic fields via Eq. (3) yields
substantially higher values. For the pristine YBCO film,
we obtain Bab

c2 ¼ 652� 56 T, which is comparable to the
estimate derived from the slopes of magnetization curves
in YBCO single crystals, Bab

c2 ¼ 674 T [75]. However,
such extraordinarily high values may be merely hypo-
thetical, as experiments employing explosive-driven
pulsed magnetic fields have demonstrated a transition
to the normal state at Bab ¼ 240 T at T ¼ 1.6 K. This
discrepancy has been attributed to the paramagnetic (Pauli)
limiting effect on superconductivity, arising from the
Zeeman splitting in extremely high magnetic fields [76].
Nonetheless, our estimate of the out-of-plane coherence
length at T ¼ 0, ξcð0Þ ¼ 0.28 nm, obtained from the
Ginzburg–Landau relation ξcð0Þ ¼ Φ0=½2πBab

c2 ð0Þξabð0Þ�,
remains valid.
Analogous to Bc

c2ð0Þ, the in-plane upper critical field
Bab
c2 ð0Þ also exhibits a rapid, approximately exponential

decrease with increasing irradiation fluence, as shown in
Fig. 5(d). From these quantities, the superconducting
anisotropy can be determined as γ ¼ Bab

c2 ð0Þ=Bc
c2ð0Þ ¼

ξabð0Þ=ξcð0Þ. For the pristine film, we obtain γ ¼ 6.5,
which is a representative value for YBCO [77]. Upon

irradiation, the anisotropy is significantly reduced, as
summarized in Table I. This behavior contrasts with
observations in oxygen-deficient YBCO single crystals
[78] and thin films [79], where the anisotropy increases as
Tc is suppressed. The opposite trend emphasizes that
distinct microscopic mechanisms govern the suppression
of superconductivity in the two cases.
In oxygen-depleted samples, the removal of oxygen

from the O(1) chain sites weakens the interlayer coupling
between the CuO2 planes. By contrast, irradiation pre-
dominantly generates Frenkel pairs involving oxygen
atoms, which interact with the layered crystal structure
of YBCO in a different manner. Furthermore, we propose
that the observed reduction in anisotropy is consistent with
a scenario in which a fraction of the displaced oxygen
atoms occupies interstitial positions and not exclusively
the O(5) sites, particularly at higher fluences. This inter-
pretation is compatible with molecular dynamics simu-
lations that predict a finite probability for atoms to be
relocated to interstitial sites [7].

F. Hall effect

Hall-effect measurements, when analyzed in conjunc-
tion with resistivity data, yield a more complete charac-
terization of the underlying charge-transport mechanisms.
In HTS, however, the Hall effect displays an anomalous
temperature dependence that precludes the straightforward
application of the Drude model to determine the carrier
concentration using nH ¼ ðRHqÞ−1, where q denotes the
elementary charge of electrons or holes, respectively and
RH the Hall coefficient. In particular, for YBCO, as for
most HTS, nH increases approximately linearly with the
temperature T in the normal state [80].
The Hall coefficient of the YBCO thin films, determined

at Bc ¼ 8 T before and after ion irradiation with moderate
fluence, is shown in Fig. 6(a). The pristine specimen
exhibits the characteristic, but unconventional, Hall
response expected for nearly optimally doped YBCO.
Following our aforementioned interpretation of the resis-
tivity data, ion irradiation is found to leave the mobile
carrier concentration essentially unchanged. Therefore,
one might expect nH and, hence, RH be unaffected by
irradiation. However, RH exhibits a substantial enhance-
ment upon irradiation and continues to display a pro-
nounced dependence on temperature.
It is widely recognized that an analysis of the Hall angle,

tan θH ¼ RHB=ρ ¼ μB, which is directly related to the
carrier mobility μ, provides deeper physical insight and
reveals a higher degree of universality across different
doping levels in HTS [81]. The Hall angle is commonly
described by the semiempirical relation originally pro-
posed by Anderson [82],

cot θH ¼ αHT2 þ βH; (4)
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where αH and βH are assumed to be temperature-
independent parameters. The experimental Hall-effect
data, displayed in Fig. 6(b), are analyzed within this
phenomenological framework. In this representation, a
larger slope αH is associated with a higher charge-carrier
concentration [80], whereas βH increases linearly with the
density of pair-breaking defects [51]. Within this context,
it is apparent that irradiation only weakly modifies αH,
while the intercept βH increases approximately linearly
with irradiation fluence, as demonstrated in the inset of
Fig. 6(b). In stark contrast to our observations, a reduction
of the oxygen content in YBCO leads to a decrease in the
density of mobile carriers and, consequently, to a signifi-
cantly smaller slope αH [80]. The Hall-effect measure-
ments, therefore, provide additional support for our earlier
conclusion that Heþ irradiation reduces Tc primarily by
creating defects.
The temperature dependence of the carrier mobility in

irradiated YBCO is presented in Fig. 6(c). The inset
demonstrates that the mobility of the pristine film follows
a power-law dependence, μ ∼ T−1.84, in the normal state
over the entire investigated temperature range. This expo-
nent is close to the T−2 behavior expected for Fermi-liquid
(hole-hole) scattering and is characteristic of HTS.
Following irradiation, the mobility μðTÞ decreases mono-
tonically at any point in the measured temperature range.
Moreover, the temperature dependence of μðTÞ is reduced,
which can be primarily attributed to the enhanced con-
tribution of defect scattering, as reflected by the increasing
intercept in Fig. 6(b). An analogous correlation between
defect concentration and Hall mobility has been reported
for YBa2Cu3−xZnxO7−δ single crystals, in which defects
were systematically introduced by substituting Cu with
isovalent Zn atoms [51].
As has been noted previously [83], the carrier density

does not vary sufficiently under moderate ion irradiation to

account for the pronounced suppression of Tc, whereas the
enhanced carrier scattering is manifested by a strong
reduction in mobility. It is therefore instructive to estimate
the average carrier mean-free path l and compare it with
the in-plane coherence length ξabð0Þ. As a first-order
approximation, we employ the single parabolic band
expression l ¼ ð3π2nÞ1=3μℏ=e, with a carrier density
n ¼ 2 × 1022 cm−3, corresponding to 1.16 holes per Cu
atom and assumed to remain unchanged under irradiation,
consistent with our previously discussed findings. The
mobility μ is evaluated at 100 K. The resulting mean-free-
path values are listed in Table I.
For the pristine sample, the condition l > ξabð0Þ indi-

cates that the system is in the clean limit. Ion irradiation,
however, decreases l while simultaneously increasing
ξabð0Þ, thereby driving a crossover to the dirty limit at
a fluence of Φ ≃ 2.5 × 1015 cm−2. This crossover should
be taken into account in any quantitative analysis of the
physical properties of ion-irradiated YBCO.

IV. SUMMARY AND CONCLUSIONS

We have investigated the evolution of structural and
electronic properties of epitaxial YBCO thin films on LSAT
subjected to 30-keV Heþ irradiation over a wide fluence
range, from pristine material toΦ ¼ 1 × 1016 cm−2, where
superconductivity is fully suppressed, and the crystalline
framework is largely destroyed. By combining x-ray
diffraction, Raman scattering, and comprehensive magne-
totransport measurements, we establish a consistent picture
in which irradiation predominantly introduces disorder in
the form of oxygen-related Frenkel defects rather than
driving a significant change of oxygen stoichiometry or
mobile carrier concentration.
XRD reveals a progressive degradation of crystallinity

with fluence: the ð00lÞ peaks broaden, shift to smaller
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angles, and lose intensity markedly for Φ≳5×1015 cm−2,
consistent with the onset of strong disorder and amorph-
ization. The out-of-plane lattice parameter c increases
approximately linearly with fluence and reaches values
exceeding those typical of oxygen-depleted YBCO. The
lattice parameter a remains essentially constant while b
decreases with fluence, resulting in an orthorhombic-to-
tetragonal transition at Φ ≥ 8 × 1015 cm−2.
Raman spectroscopy supports this conclusion by the

absence of hallmark signatures of oxygen depletion, most
notably the lack of the 228 cm−1 mode associated with
broken CuO chains. The Cu(2) mode near 144 cm−1 shifts
only weakly with fluence, while its spectral weight
increases, consistent with a growing tetragonal fraction
without substantial loss of oxygen. Together with the
systematic rise of the Raman background, the spectra
indicate increasing structural disorder that is compatible
with the displacement of O(1) atoms into O(5) sites and
other interstitial positions.
Electrical transport measurements quantify how this

defect landscape tunes superconductivity and normal-state
conduction. Irradiation increases the normal-state resis-
tivity and suppresses Tc and the carrier mobility, while the
invariance of the slopes of resistivity and inverse Hall
angle implies an approximately fluence-independent car-
rier concentration. In contrast, the residual terms of both
quantities increase strongly, evidencing enhanced defect
scattering. The suppression of the onset temperature of
superconductivity is well described by Abrikosov–
Gor’kov pair breaking using a single fit parameter,
enabling practical predictions of Tc suppression from
experimental fluence and simulated dpa values.
Magnetotransport further demonstrates that irradiation

not only reduces Tc but also renormalizes key mixed-
state parameters. The upper critical fields extrapolated to
T ¼ 0 decrease approximately exponentially with fluence
for bothBkc andBkab, with the reduction ofBc

c2ð0Þ largely
attributable to the suppression of Tc rather than a strong
change of dBc2=dTjTc

. The vortex activation energy U0

decreases substantially with increasing fluence, consistent
with weakened effective pinning in these twinned films
and enhanced vortex wandering; irreversibility lines
shift to lower temperatures while their slopes remain
comparatively robust. Significantly, the anisotropy γ ¼
Bab
c2 ð0Þ=Bc

c2ð0Þ is reduced from its pristine value
(γ ≈ 6.5), opposite to the trend commonly observed in
oxygen-depleted YBCO. This provides an additional,
independent signature that Heþ irradiation suppresses
superconductivity via disorder (pair breaking and altered
interlayer coherence) rather than through reduced hole
doping. A crude mean-free-path estimate indicates a cross-
over from the clean to the dirty limit at high fluence (around
Φ ¼ 2.5 × 1015 cm−2), which is relevant for modeling
irradiated regions and for interpreting device performance.

In conclusion, 30-keV Heþ irradiation provides a con-
trolled route to engineer superconducting and normal-state
properties of YBCO thin films predominantly through
disorder generation. For device patterning with helium ion
microscopy, these results delineate two practically signifi-
cant fluence scales: (i) a functional tuning regime up to
Φ ∼ 4 × 1015 cm−2, where Tc, resistivity, and vortex
dynamics are continuously adjustable while crystallinity
remains largely intact, and (ii) complete suppression of
superconductivity at Φ≳ 4.5 × 1015 cm−2 that enables the
formation of robust barriers for, e.g., Josephson junctions.
At substantially higher fluence Φ≳ 8 × 1015 cm−2, dom-
inant amorphization is expected to compromise spatial
resolution and is therefore unfavorable for nanoscale
circuit fabrication. These quantitative structure-property
correlations provide a foundation for predictive defect-
engineering protocols and for integrating YBCO into
irradiation-defined superconducting electronics. It should
be emphasized that the present study concerns large-area
irradiation. Irradiation confined to nanoscale regions [38]
introduces additional complexity, leading to pronounced
size effects arising from the finite lateral dimensions of the
irradiated areas embedded within the surrounding non-
irradiated film.
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Santamaria, and J. L. Vicent, Vortex liquid entanglement
in irradiated YBa2Cu3O7−δ thin films, Phys. Rev. B 63,
064503 (2001).

[25] J. F. Ziegler, M. D. Ziegler, and J. P. Biersack, SRIM—the
stopping and range of ions in matter (2010), Nucl. Instrum.
Methods Phys. Res., Sect. B 268, 1818 (2010).

[26] V. V. Kirsanov, N. N. Musin, and H. J. Shamarina,
Displacement threshold energy in high-temperature super-
conductors. II. Thresholds for O, Ba and Y in YBa2Cu3O7,
Phys. Lett. A 171, 223 (1992).

[27] A. Legris, F. Rullier-Albenque, E. Radeva, and P. Lejay,
Effects of electron-irradiation on YBa2Cu3O7−δ supercon-
ductor, J. Phys. I 3, 1605 (1993).

[28] S. K. Tolpygo, J.-Y. Lin, M. Gurvitch, S. Y. Hou, and J. M.
Phillips, Effect of oxygen defects on transport properties and
Tc of YBa2Cu3O6þx: Displacement energy for plane and
chain oxygen and implications for irradiation-induced
resistivity and Tc suppression, Phys. Rev. B 53, 12462
(1996).

BERND AICHNER et al. PHYS. REV. APPLIED 26, 044076 (2026)

044076-14

https://doi.org/10.1007/BF01303701
https://doi.org/10.1007/BF01303701
https://doi.org/10.1103/RevModPhys.71.631
https://doi.org/10.1515/psr-2017-5001
https://doi.org/10.1515/psr-2017-5001
https://doi.org/10.1088/1361-6668/ae3030
https://doi.org/10.1088/1361-6668/ae3030
https://doi.org/10.1103/PhysRevB.68.094515
https://doi.org/10.1016/j.mee.2006.01.091
https://doi.org/10.1088/1361-6668/ac47dc
https://doi.org/10.1103/PhysRevApplied.11.044082
https://doi.org/10.1103/PhysRevApplied.11.044082
https://arXiv.org/abs/2511.19197
https://doi.org/10.1021/acsanm.4c00247
https://doi.org/10.1021/acsanm.4c00247
https://doi.org/10.1116/1.2357967
https://doi.org/10.1038/nnano.2015.76
https://doi.org/10.1038/nnano.2015.76
https://doi.org/10.1103/PhysRevApplied.21.014065
https://doi.org/10.1103/PhysRevApplied.21.014065
https://doi.org/10.1103/vqhx-16ss
https://doi.org/10.1103/vqhx-16ss
https://doi.org/10.1063/1.5126035
https://doi.org/10.1063/1.5126035
https://doi.org/10.1109/TASC.2024.3516741
https://doi.org/10.1109/TASC.2024.3516741
https://doi.org/10.1063/1.4922640
https://doi.org/10.1063/1.4922640
https://doi.org/10.1063/5.0167106
https://doi.org/10.1021/acsanm.9b01006
https://doi.org/10.1021/acsanm.9b01006
https://doi.org/10.1103/PhysRevApplied.22.014043
https://doi.org/10.1103/PhysRevApplied.22.014043
https://doi.org/10.3390/ijms25147877
https://doi.org/10.1016/0038-1098(96)00381-X
https://doi.org/10.1016/0038-1098(96)00381-X
https://doi.org/10.1103/PhysRevB.63.064503
https://doi.org/10.1103/PhysRevB.63.064503
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1016/0375-9601(92)90431-K
https://doi.org/10.1051/jp1:1993203
https://doi.org/10.1103/PhysRevB.53.12462
https://doi.org/10.1103/PhysRevB.53.12462


[29] S. J. Rothman, J. L. Routbort, and J. E. Baker, Tracer
diffusion of oxygen in YBa2Cu3O7−δ, Phys. Rev. B 40,
8852 (1989).

[30] N. Klingner, G. Hlawacek, P. Mazarov, W. Pilz, F. Meyer,
and L. Bischoff, Imaging and milling resolution of light ion
beams from helium ion microscopy and FIBs driven by
liquid metal alloy ion sources, Beilstein J. Nanotechnol. 11,
1742 (2020).

[31] M. Tachiki and S. Takahashi, Strong vortex pinning
intrinsic in high-Tc oxide superconductors, Solid State
Commun. 70, 291 (1989).

[32] J. D. Jorgensen, B. W. Veal, A. P. Paulikas, L. J. Nowicki,
G.W. Crabtree, H. Claus, and W. K. Kwok, Structural
properties of oxygen-deficient YBa2Cu3O7−δ, Phys. Rev.
B 41, 1863 (1990).

[33] J. Ye and K. Nakamura, Quantitative structure analyses of
YBa2Cu3O7−δ thin films: Determination of oxygen content
from x-ray-diffraction patterns, Phys. Rev. B 48, 7554
(1993).

[34] W. Markowitsch, C. Stockinger, W. Göb, W. Lang, W. Kula,
and R. Sobolewski, Dynamics of photodoping and photo-
conductivity relaxation in oxygen-deficient YBa2Cu3Ox,
Phys. C 265, 187 (1996).

[35] W. Markowitsch, B. Steiger, W. Lang, M. A. Bodea, and
J. D. Pedarnig, Optically induced changes and long-term
relaxations of resistivity and critical temperature in Heþ

irradiated YBa2Cu3Ox, Thin Solid Films 518, 7070 (2010).
[36] M. A. Navacerrada, D. Arias, Z. Sefrioui, G. Loos, M. L.

Lucía, J. Santamaría, F. Sánchez-Quesada, and M. Varela,
Critical temperature depression and persistent photo-
conductivity in ion irradiated YBa2Cu3O7−x films and
YBa2Cu3O7−x=PrBa2Cu3O7 superlattices, Appl. Phys.
Lett. 76, 3289 (2000).

[37] X. Z. Wang, B. Hellebrand, D. Bäuerle, M. Strecker, G.
Wortmann, and W. Lang, Oxygen ordering and super-
conductivity in GdBaSrCu3O7−x, Phys. C 242, 55 (1995).

[38] R. Carter, R. Hutt, P. Zimmermann, A. Abukaev, J.
Ullmann, S. Koch, C. Schmid, M. Burghammer, R.
Kleiner, D. Koelle, E. Goldobin, and I. A. Zaluzhnyy,
Structural changes and transport properties of
YBa2Cu3O7 locally modified by a Heþ focused ion beam,
Adv. Sci., e77506 (2026).

[39] E. Wahlberg, R. Arpaia, D. Chakraborty, A. Kalaboukhov,
D. Vignolles, C. Proust, A. M. Black-Schaffer, T. Bauch, G.
Seibold, and F. Lombardi, Boosting superconductivity in
ultrathin YBa2Cu3O7−δ films via nanofaceted substrates,
Nat. Commun. 17, 285 (2026).

[40] L. Gasparov, T. Jegorel, L. Loetgering, S. Middey, and J.
Chakhalian, Thin film substrates from the Raman spec-
troscopy point of view, J. Raman Spectrosc. 45, 465 (2014).

[41] E. Liarokapis, Raman spectroscopy, structural modifica-
tions, and phase transitions in the high-temperature super-
conductors, J. Supercond. 13, 889 (2000).

[42] S. Hong, H. Cheong, and G. Park, Raman analysis of a
YBa2Cu3O7−δ thin film with oxygen depletion, Phys. C
470, 383 (2010).

[43] Š. Chromik, C. Camerlingo, M. Sojková, V. Štrbík, M.
Talacko, I. Malka, I. Bar, G. Bareli, and G. Jung, Low
energy electron beam processing of YBCO thin films, Appl.
Surf. Sci. 395, 42 (2017).

[44] M. N. Iliev, H.-U. Habermeier, M. Cardona, V. G. Hadjiev,
and R. Gajic, Transformations of the locat structure of
YBa2Cu3O7−δ due to laser annealing, Phys. C 279, 63 (1997).

[45] S.-S. Wang, F. Li, H. Wu, Y. Zhang, S. Muhammad, P.
Zhao, X.-Y. Le, Z.-S. Xiao, L.-X. Jiang, X.-D. Ou, and X.-P.
Ouyang, Low-energy (40 keV) proton irradiation of
YBa2Cu3O7−x thin films: Micro-Raman characterization
and electrical transport properties, Chin. Phys. B 28,
027401 (2019).

[46] R. Liu, C. Thomsen, W. Kress, M. Cardona, B.
Gegenheimer, F. W. de Wette, J. Prade, A. D. Kulkarni,
and U. Schröder, Frequencies, eigenvectors, and single-
crystal selection rules of k ¼ 0 phonons in YBa2Cu3O7−δ:
Theory and experiment, Phys. Rev. B 37, 7971 (1988).

[47] F. E. Bates, Normal modes of tetragonal YBa2Cu3O6 and
orthorhombic YBa2Cu3O7, Phys. Rev. B 39, 322 (1989).

[48] K. F. McCarty, J. C. Hamilton, R. N. Shelton, and D. S.
Ginley, High-temperature Raman measurements of single-
crystal YBa2Cu3O7−x, Phys. Rev. B 38, 2914 (1988).

[49] S. K. Tolpygo, J.-Y. Lin, M. Gurvitch, S. Y. Hou, and J. M.
Phillips, Universal Tc suppression by in-plane defects in
high-temperature superconductors: Implications for pairing
symmetry, Phys. Rev. B 53, 12454 (1996).

[50] Y. Ando, S. Komiya, K. Segawa, S. Ono, and Y. Kurita,
Electronic phase diagram of high-Tc cuprate superconduc-
tors from a mapping of the in-plane resistivity curvature,
Phys. Rev. Lett. 93, 267001 (2004).

[51] T. Chien, Z. Wang, and N. Ong, Effect of Zn impurities
on the normal-state Hall angle in single-crystal
YBa2Cu3−xZnxO7−δ, Phys. Rev. Lett. 67, 2088 (1991).

[52] T. Ito, K. Takenaka, and S. Uchida, Systematic deviation
from T-linear behavior in the in-plane resistivity of
YBa2Cu3O7−y: Evidence for dominant spin scattering,
Phys. Rev. Lett. 70, 3995 (1993).

[53] A. L. Solovjov and V. M. Dmitriev, Resistive studies of the
pseudogap in YBCO films with consideration of the
transition from BCS to Bose-Einstein condensation, Low
Temp. Phys. 32, 139 (2006).

[54] C. H. Chen, A. E. White, K. T. Short, R. C. Dynes, J. M.
Poate, D. C. Jacobson, P. M. Mankiewich, W. J. Skocpol,
and R. E. Howard, Ion beam induced damage and super-
lattice formation in epitaxial YBa2Cu3O7−δ thin films,
Appl. Phys. Lett. 54, 1178 (1989).

[55] C. Sekirnjak, W. Lang, S. Proyer, and P. Schwab, Novel
approach for the analysis of the fluctuation magnetocon-
ductivity in YBa2Cu3O7 thin films, Phys. C 243, 60 (1995).

[56] K. L. Mletschnig and W. Lang, Nano-patterning of
cuprate superconductors by masked Heþ ion irradiation:
3-dimensional profiles of the local critical temperature,
Microelectron. Eng. 215, 110982 (2019).

[57] A. A. Abrikosov and L. P. Gor’kov, Contribution to the
theory of superconducting alloys with paramagnetic impu-
rities, Zh. Eksp. Teor. Fiz. 39, 1781 (1960).

[58] A. I. Larkin, Vector pairing in superconductors of small
dimensions, JETP Lett. 2, 130 (1965).

[59] J. Lesueur, P. Nedellec, H. Bernas, J. P. Burger, and L.
Dumoulin, Depairing-like variation of YBa2Cu3O7−δ,
Phys. C 167, 1 (1990).

[60] I. Puica, W. Lang, M. Peruzzi, K. Von Lemmermann, J. D.
Pedarnig, and D. Bäuerle, High electric field study of the

TAILORING THE PROPERTIES OF YBCO FILMS … PHYS. REV. APPLIED 26, 044076 (2026)

044076-15

https://doi.org/10.1103/PhysRevB.40.8852
https://doi.org/10.1103/PhysRevB.40.8852
https://doi.org/10.3762/bjnano.11.156
https://doi.org/10.3762/bjnano.11.156
https://doi.org/10.1016/0038-1098(89)90330-X
https://doi.org/10.1016/0038-1098(89)90330-X
https://doi.org/10.1103/PhysRevB.41.1863
https://doi.org/10.1103/PhysRevB.41.1863
https://doi.org/10.1103/PhysRevB.48.7554
https://doi.org/10.1103/PhysRevB.48.7554
https://doi.org/10.1016/0921-4534(96)00316-4
https://doi.org/10.1016/j.tsf.2010.06.033
https://doi.org/10.1063/1.126609
https://doi.org/10.1063/1.126609
https://doi.org/10.1016/0921-4534(94)02370-0
https://doi.org/10.1002/advs.77506
https://doi.org/10.1038/s41467-025-67500-2
https://doi.org/10.1002/jrs.4487
https://doi.org/10.1023/A:1026470316446
https://doi.org/10.1016/j.physc.2010.02.089
https://doi.org/10.1016/j.physc.2010.02.089
https://doi.org/10.1016/j.apsusc.2016.07.086
https://doi.org/10.1016/j.apsusc.2016.07.086
https://doi.org/10.1016/S0921-4534(97)00175-5
https://doi.org/10.1088/1674-1056/28/2/027401
https://doi.org/10.1088/1674-1056/28/2/027401
https://doi.org/10.1103/PhysRevB.37.7971
https://doi.org/10.1103/PhysRevB.39.322
https://doi.org/10.1103/PhysRevB.38.2914
https://doi.org/10.1103/PhysRevB.53.12454
https://doi.org/10.1103/PhysRevLett.93.267001
https://doi.org/10.1103/PhysRevLett.67.2088
https://doi.org/10.1103/PhysRevLett.70.3995
https://doi.org/10.1063/1.2171509
https://doi.org/10.1063/1.2171509
https://doi.org/10.1063/1.101484
https://doi.org/10.1016/0921-4534(94)02454-5
https://doi.org/10.1016/j.mee.2019.110982
https://doi.org/10.48550/arXiv.cond-mat/0212348
https://doi.org/10.1016/0921-4534(90)90477-V


superconducting transition of YBa2Cu3O7−x, Supercond.
Sci. Technol. 17, S543 (2004).

[61] G. P. Summers, E. A. Burke, D. B. Chrisey, M. Nastasi, and
J. R. Tesmer, Effect of particle-induced displacements on
the critical temperature of YBa2Cu3O7−δ, Appl. Phys. Lett.
55, 1469 (1989).

[62] Screened relativistic treatment for NIEL dose nuclear and
electronic stopping power calculator (SR-NIEL-7), https://
www.sr-niel.org/.

[63] M. L. Swanson, The study of lattice defects by channelling,
Rep. Prog. Phys. 45, 47 (1982).

[64] J. Geerk, G. Linker, and O. Meyer, Epitaxial growth and
properties of YBaCuO thin films, Mater. Sci. Rep. 4, 193
(1989).

[65] J. Lindhard, Motion of swift charged particles, as influenced
by strings of atoms in crystals, Phys. Lett. 12, 126 (1964).

[66] H.-C. Ri, R. Gross, F. Gollnik, A. Beck, R. P. Huebener, P.
Wagner, and H. Adrian, Nernst, Seebeck, and Hall effects in
the mixed state of YBa2Cu3O7−δ and Bi2Sr2CaCu2O8þx
thin films: A comparative study, Phys. Rev. B 50, 3312
(1994).

[67] E. Helfand and N. R. Werthamer, Temperature and purity
dependence of the superconducting critical field, Hc2. II,
Phys. Rev. 147, 288 (1966).

[68] E. Wahlberg, R. Arpaia, A. Kalaboukhov, T. Bauch, and F.
Lombardi, Doping dependence of the upper critical field in
untwinned YBa2Cu3O7−δ thin films, Supercond. Sci. Tech-
nol. 36, 024001 (2022).

[69] A. V. Antonov et al., Critical-field slope reduction and
upward curvature of the phase-transition lines of thin
disordered superconducting YBa2Cu3O7−x films in strong
magnetic fields, Phys. C 568, 1353581 (2020).

[70] V. M. Vinokur, M. V. Feigel’man, V. B. Geshkenbein, and
A. I. Larkin, Resistivity of high-Tc superconductors in a
vortex-liquid state, Phys. Rev. Lett. 65, 259 (1990).

[71] J. A. Fendrich, W. K. Kwok, J. Giapintzakis, C. J. van der
Beek, V. M. Vinokur, S. Fleshler, U. Welp, H. K.
Viswanathan, and G.W. Crabtree, Vortex liquid state in
an electron irradiated untwinned YBa2Cu3O7−δ crystal,
Phys. Rev. Lett. 74, 1210 (1995).

[72] D. López, L. Krusin-Elbaum, H. Safar, E. Righi, F. de la
Cruz, S. Grigera, C. Feild, W. K. Kwok, L. Paulius, and

G.W. Crabtree, Pinned vortex liquid above the critical point
of the first-order melting transition: A consequence of
pointlike disorder, Phys. Rev. Lett. 80, 1070 (1998).

[73] J. G. Ossandon, J. R. Thompson, D. K. Christen, B. C.
Sales, H. R. Kerchner, J. O. Thomson, Y. R. Sun, K.W.
Lay, and J. E. Tkaczyk, Influence of oxygen deficiency
on the superconductive properties of grain-aligned
YBa2Cu3O7−δ, Phys. Rev. B 45, 12534 (1992).

[74] D. Feinberg and C. Villard, Intrinsic pinning and lock-in
transition of flux lines in layered type-II superconductors,
Phys. Rev. Lett. 65, 919 (1990).

[75] U. Welp, W. Kwok, G. Crabtree, K. Vandervoort, and J. Liu,
Magnetic measurements of the upper critical field on
YBa2Cu3O7−δ single crystals, Phys. Rev. Lett. 62, 1908
(1989).

[76] A. S. Dzurak et al., Transport measurements of in-plane
critical fields in YBa2Cu3O7−δ to 300 T, Phys. Rev. B 57,
R14084 (1998).

[77] D. E. Farrell, J. P. Rice, D. M. Ginsberg, and J. Z. Liu,
Experimental-evidence of a dimensional crossover in
YBa2Cu3O7−δ, Phys. Rev. Lett. 64, 1573 (1990).

[78] T. R. Chien, W. R. Datars, B. W. Veal, A. P. Paulikas, P.
Kostic, C. Gu, and Y. Jiang, Dimensional crossover and
oxygen deficiency in YBa2Cu3Ox single crystals, Phys. C
229, 273 (1994).

[79] W. Göb, W. Lang, W. Markowitsch, V. Schlosser, W. Kula,
and R. Sobolewski, Erasable photoinduced change of
carrier density and coherence lengths in oxygen-deficient
YBa2Cu3Ox, Solid State Commun. 96, 431 (1995).

[80] B. Wuyts, E. Osquiguil, M. Maenhoudt, S. Libbrecht, Z. X.
Gao, and Y. Bruynseraede, Influence of the oxygen content
on the normal-state Hall angle in YBa2Cu3Oxn films, Phys.
Rev. B 47, 5512 (1993).

[81] N. Barišić and D. K. Sunko, High-Tc cuprates: A story of
two electronic subsystems, J. Supercond. Nov. Magn. 35,
1781 (2022).

[82] P. W. Anderson, Hall effect in the two-dimensional Lut-
tinger liquid, Phys. Rev. Lett. 67, 2092 (1991).

[83] J. M. Valles, Jr., A. E. White, K. T. Short, R. C. Dynes, J. P.
Garno, A. F. J. Levi, M. Anzlowar, and K. Baldwin, Ion-
beam-induced metal-insulator transition in YBa2Cu3O7−δ:
A mobility edge, Phys. Rev. B 39, 11599 (1989).

BERND AICHNER et al. PHYS. REV. APPLIED 26, 044076 (2026)

044076-16

https://doi.org/10.1088/0953-2048/17/9/017
https://doi.org/10.1088/0953-2048/17/9/017
https://doi.org/10.1063/1.102287
https://doi.org/10.1063/1.102287
https://www.sr-niel.org/
https://www.sr-niel.org/
https://doi.org/10.1088/0034-4885/45/1/002
https://doi.org/10.1016/S0920-2307(89)80003-9
https://doi.org/10.1016/S0920-2307(89)80003-9
https://doi.org/10.1016/0031-9163(64)91133-3
https://doi.org/10.1103/PhysRevB.50.3312
https://doi.org/10.1103/PhysRevB.50.3312
https://doi.org/10.1103/PhysRev.147.288
https://doi.org/10.1088/1361-6668/aca93b
https://doi.org/10.1088/1361-6668/aca93b
https://doi.org/10.1016/j.physc.2019.1353581
https://doi.org/10.1103/PhysRevLett.65.259
https://doi.org/10.1103/PhysRevB.109.224515
https://doi.org/10.1103/PhysRevLett.80.1070
https://doi.org/10.1103/physrevb.45.12534
https://doi.org/10.1103/PhysRevLett.65.919
https://doi.org/10.1103/PhysRevLett.62.1908
https://doi.org/10.1103/PhysRevLett.62.1908
https://doi.org/10.1103/PhysRevB.57.R14084
https://doi.org/10.1103/PhysRevB.57.R14084
https://doi.org/10.1103/PhysRevLett.64.1573
https://doi.org/10.1016/0921-4534(94)90507-X
https://doi.org/10.1016/0921-4534(94)90507-X
https://doi.org/10.1016/0038-1098(95)00504-8
https://doi.org/10.1103/PhysRevB.47.5512
https://doi.org/10.1103/PhysRevB.47.5512
https://doi.org/10.1007/s10948-022-06183-y
https://doi.org/10.1007/s10948-022-06183-y
https://doi.org/10.1103/PhysRevLett.67.2092
https://doi.org/10.1103/PhysRevB.39.11599

	Tailoring the properties of YBa2Cu3O7-&delta; thin films by 30-keV He+ irradiation: An enabling route to superconducting-device nanopatterning
	I. INTRODUCTION
	II. METHODS
	III. RESULTS AND DISCUSSION
	A. X-ray diffraction
	B. Raman scattering
	C. Resistivity
	D. Superconducting transition in magnetic fields
	E. Anisotropy
	F. Hall effect

	IV. SUMMARY AND CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


