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ARTICLE INFO ABSTRACT
Keywords: Intrinsic properties of Fe(Se,Te), such as the high value of the upper critical field as well as the weaker
Iron-based superconductors dependence of the critical current density (J.) on the grain misalignment than in cuprate superconductors, make

Fe(Se,Te) thin films

this compound a promising candidate for the fabrication of high-field superconducting magnets. On the other
Critical current density

Flux pinning hand, 'irradiatio.n was demor'lstrate.d to be a powerful tool for tuni.ng t.he p.inrlling properties .in sluperconducting

Heavy-ion irradiation materials. In this paper, we investigate the effect of 230 MeV Au-ion irradiation on J. and pinning force (F,) of

YSZ buffered substrate biaxially-oriented Fe(Se,Te) films grown on YSZ substrate buffered with a thin Zr-doped CeOs epitaxial layer.
This structure is interesting as it can be considered a precursor template for Fe(Se,Te) coated conductors. The
irradiation produces correlated defects, which - on transmission electron microscope analysis - appear as slightly
meandering tracks composed of dislocation chains placed parallel to the c-axis of the crystal lattice. The J.
measurements as a function of the applied magnetic field evidence an improvement at low temperatures, with a
maximum modulated in both position and height by the irradiation fluence. In the same range of temperature,
the development of the irradiation tracks strongly reduces the anisotropy of the critical current density by
varying the applied field orientation. Likewise, the F, analysis highlights that irradiation defects behave as two-
dimensional extended defects, which strengthen the point-pinning landscape active before irradiation.
Conversely, approaching the transition temperature, the effectiveness of the irradiation-induced defects de-
creases and a widespread J. and F, worsening occurs.

1. Introduction [2], to the technologies to fabricate long-length conductors which can be

competitive in future high magnetic field applications such as nuclear

The numerous Iron-Based Superconductors (IBS) families are of fusion, energy devices, magnetic resonance imaging, and accelerator
considerable interest under several points of view, spanning from the magnets, just to name a few [3], [4] [5].

study of their fundamental properties [1], to the strategies to increase The grain-boundary (GB) properties of IBSs are significantly more

the superconducting transition temperature and critical current density tolerant than those of cuprates: the suppression of the critical current, J,
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at misoriented GBs is much weaker, and Fe(Se,Te) retains robust inter-
grain transport even for relatively large [001]-tilt misorientation angles
[6] [7]. In addition, from an application perspective, IBS exhibit an
upper critical field, H.y, exceeding 50 T at low temperatures — even in
the 11 family - which despite the critical temperature, T., lower than in
cuprates, draw attention due to a very low Hp anisotropy [8].

Exploiting these characteristics, efforts are underway to develop
wires and tapes. The powder-in-tube (PIT) technique has been successful
in fabricating conductors of the 122 family [4], [9], [10] [11] even in
lengths up to 100 m [12], leading to the fabrication of a tesla-class coil
[13]. The iron-chalcogenide 11 phase shows poor superconducting
properties when fabricated in wires through PIT, due to the high reac-
tivity of the phase with the metallic sheaths [14]. Instead,
biaxially-oriented thin films can successfully be grown on different
substrates: high J. values are obtained in epitaxial films deposited on
various single crystals [15], [16], [17] [18], buffered single crystals [19]
[20], and commercial metallic templates produced by
Ion-Beam-Assisted Deposition (IBAD) [21], [22] [23] or Rolling-Assisted
Biaxially Textured Substrates (RABiTS) [19] [24]. In particular, a sig-
nificant advancement has recently been achieved when 1 m-long Fe(Se,
Te)-Coated Conductors (CCs) were successfully grown by multiturn
pulsed laser deposition on CeOs-buffered IBAD MgO tape with a J. over
2 MA/cm? at 4.2 K and self-field [3] and a single pancake coil using the
Fe(Se,Te) coated conductor was subsequently fabricated [25].

Moreover, it has been shown that the RABITS buffer layer architec-
ture for the fabrication of 11 CCs can be much simpler than those
developed for Rare-Earth Barium Copper Oxide (REBCO) CCs, thanks to
the much lower growth temperatures (below 300 °C) and the absence of
oxygen during the deposition: a single oxide layer [19] [20], [26], [27]
[28] or TiN [29] is enough to reach the desired texturing and super-
conducting properties comparable to those of samples grown on single
crystals. In particular, we extensively studied the deposition and
epitaxial growth of Zr-doped CeO, (CZO) buffer layers for Fe(Se,Te)
superconducting films both on Yttria-Stabilized Zirconia (YSZ) single
crystals [30] and on NiW RABITS substrates [31], finding that the CZO
layers promote chemical matching with the buffer, mitigate the impact
of buffer roughness, and protect the superconducting Fe(Se,Te) layer
from oxygen contamination.

An efficient pinning landscape is a mandatory prerequisite to achieve
large J. with a controlled anisotropy. In such a context, ion irradiation is
an excellent method to introduce controlled defect distributions inside a
superconductor, allowing the creation of pinning centers with shape and
density depending on the mass and energy of the particles and on their
fluences, respectively [32] [33] In the case of high-energy heavy-ion
irradiation, the dominant process in defect formation is ionization, i.e.,
the energy release by the impinging particles to the target electrons. This
generates correlated defects distributed along the ion track that, when
the energy loss exceeds a given threshold depending on the target ma-
terial, can coalesce into continuous columnar tracks with a diameter of a
few nanometers [34] [35].

In a previous paper [36], we already reported on the efficiency of
columnar defects induced by 1.15 GeV Pb-ion irradiation in tuning the
critical current density of FeSe sTeg 5 films grown on a CaF; crystalline
substrate. On the other hand, it was proved that a few hundred MeV
Au-ions, which can produce columnar tracks in cuprate superconduc-
tors, in IBSs only induce discontinuous tracks [37] with a metallic core
[38]. Based on these outcomes, in this paper we investigated the effect of
230 MeV Au-ion irradiation on the pinning properties of Fe(Se,Te) films
grown on CZO-buffered YSZ substrates. In this context, our goal was to
assess whether irradiation-driven defects produced at these intermedi-
ate ion energies can act as an effective source of correlated pinning in Fe
(Se,Te), and how they modify the balance between point-like and
extended pinning contributions already present in the as-grown films.
To this end, we combined a structural analysis capable of identifying the
nature and spatial distribution of the irradiation-induced defects with a
systematic investigation of the temperature, field, and angular
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dependence of the critical current density. This integrated approach
enabled us to clarify how Au-ion irradiation reshapes the pinning
landscape of Fe(Se,Te) and to determine under which operating condi-
tions it provides an actual benefit for coated-conductor-relevant
architectures.

The paper is organized as follows: in Section 2 we describe the
sample preparation, irradiation procedure, and characterization tech-
niques. In Section 3.1, the structural analysis is reported, with STEM
imaging revealing the nature and morphology of irradiation-induced
defects. In Section 3.2 the transport properties are discussed, including
the J. dependence on temperature and magnetic field, the evolution of
pinning mechanisms analyzed through the Dew-Hughes model, and the
angular anisotropy behavior. Finally, in Section 4, the main findings are
summarized and conclusions are drawn.

2. Experimental details

CZO buffer layers were deposited via Metal Organic Decomposition
on YSZ single crystal substrates as in [20]° [30]° [31] [39]. The pre-
cursor solution was prepared dissolving stoichiometric amounts of Ce
(II) acetate hydrate (Sigma Aldrich, 99.5%) and 5 mol.% Zr (IV) ace-
tylacetonate (Sigma Aldrich, 98%) in propionic acid (Sigma Aldrich,
99.5%). Rotary evaporation was used to remove water and the excess of
solvent until a concentration [Ce] = 0.3 M is reached. Then, the solution
was deposited on 7.5 mm x 7.5 mm (100) YSZ single crystal substrate
(MaTecK) by spin coating at 2000 rpm for 60 s and dried for 5 min at
120 °Cin air. The as-obtained CZO films were pyrolyzed in air for 30 min
at 450 °C and then crystallized for 30 min at 950 °C in 0.5 1/min Ar-5%
Hs. Film final thickness was about 20 nm.

Fe(Se,Te) films were deposited on CZO buffered YSZ substrates by
pulsed laser deposition in an ultra-high vacuum chamber (residual gas
pressure during deposition of about 10~8 mbar) equipped with a Nd:
YAG laser at 1064 nm and using a polycrystalline target with the
nominal composition FeSey 5Te( 5 synthesized using a two-step method
[40]. First, a non-superconducting seed layer of about 35 nm was
deposited at 400 °C at high laser repetition rate (10 Hz); then, the
sample was cooled down to 200 °C for 110 nm top-layer deposition at
3 Hz. The films were deposited keeping the following parameters: a
2 J ecm 2 laser fluence (2 mm? spot size) and a 5 cm distance between
target and sample. The use of the seed layer was shown to be necessary
to optimize the film properties [20].

One of the as-obtained films was patterned in two strips - each of
them containing a 1-mm-long microbridge with a nominal width of
50 pm - by conventional UV lithography followed by water-cooled argon
ion milling (Ar energy was 500 eV), as shown in Fig. 1(a). After the
milling process, the sample was cleaned by mild sonication in acetone
for a few tens of seconds and dried in nitrogen flow [41]. Finally, gold
contacts were deposited on the sputtered current/voltage pads to
improve the electrical signal-to-noise ratio.

One of the two strips was then irradiated at room temperature with
230 MeV Au ions at the Tandem accelerator of INFN - Legnaro National
Laboratories (Italy). The same strip underwent two subsequent irradia-
tions. Both the irradiations were performed in vacuum with the ion
beam oriented perpendicular to the film surface, i.e. parallel to the c-axis
of the Fe(Se,Te) crystal lattice. In both cases, only the bridge area was
exposed to the beam (i.e., the region inside the red box in Fig. 1(b)),
while current and voltage pads as well as the second strips were shielded
by covering them with a thick and suitably shaped steel mask. The first
irradiation fluence was ¢ = 2.90 x 10'! cm™2, corresponding to a
fluence-equivalent field By = 6 T (B is the magnetic field for which the
flux-lines density in the sample is nominally equivalent to the surface
density of impinging ions). After being characterized, the bridge was re-
irradiated up to a total fluence of ¢ = 4.84 x 10! em~2 (i.e., up to a
fluence equivalent field B, = 10 T). The ions were expected to mainly
produce anisotropic correlated defects along the beam direction due to
their inelastic scattering against the target atom electrons (ionization),



F. Rizzo et al.

Fig. 1. (a) Optical image of the patterned sample featuring two strips, each of
them containing a 1-mm-long microbridge. The left-side microbridge was
irradiated with Au ions (red rectangle). (b) Enlarged view of the irradiated
microbridge showing the extraction regions for the two TEM lamellae: irradi-
ated (1) and non-irradiated (2).

encircled by a cloud of point-like defects due to secondary collisions
[37]. Based on calculations performed with the Monte Carlo SRIM code
[42], after crossing the Fe(Se,Te) film and the CZO buffer layer, the ions
implanted into the YSZ substrate at a depth of about 12.6 pm. The
computed profile of the implanted ions as well as the distribution of the
energy released by inelastic scattering are plotted in Fig. 2.

For STEM characterization, two cross-sectional lamellae were pre-
pared from selected areas of the irradiated strip using focused ion beam
(FIB) milling. High-angle annular dark field (HAADF) and medium-
angle annular dark field (MAADF) STEM imaging modes were
employed to probe mass-thickness contrast and strain-related contrast,
respectively. Prior to MAADF imaging, a systematic high-resolution Z-
contrast STEM survey was conducted across multiple regions of the film
to establish a reliable correspondence between contrast features and
their structural origin (Fig. S1 and Fig. S2). MAADF imaging was then
selected to map the spatial distribution of defects over the full film
thickness within a single field of view at a magnification suitable to
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Fig. 2. Profile of the energy released by ionization (i.e. by Au-ion inelastic
scattering against the target atom electrons) in both the Fe(Se,Te) film (thick-
ness not to scale) and YSZ substrate and implantation profile of the Au-ions in
the substrate. All the calculations were carried out by means of the Monte Carlo
SRIM code. The presence of the buffer layer was always taken into account even
though its contribution is negligible (and not shown in the picture) due to its
small thickness. The zero depth corresponds to the sample surface.
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encompass the entire film cross-section. This dual imaging strategy
enabled a comprehensive analysis of structural features across the film.
Additional SEM, XRD and SAED analyses were carried out to assess the
macroscopic morphology, phase composition, and crystallographic
orientation of the films. The corresponding results are reported in the
Supporting Information (Fig. S5-S8).

To measure the transport properties as a function of temperature and
applied field, the film was mounted in a cryogen-free cryostat, equipped
with an 18 T superconducting magnet. A rotating probe was used to
measure the J. angular behavior, while keeping the current normal to
the field direction (maximum Lorentz force configuration). All the
measurements were performed using a four-point probe configuration
with the standard 1 pV cm ™! electric field criterion.

3. Experimental results and discussion
3.1. Structural analysis

The optical micrograph in Fig. 1(a) shows the Fe(Se,Te) film
patterned with the two strips. The irradiated strip was used to extract the
cross-sectional lamellae. The enlarged view in Fig. 1(b) clearly indicates
the extraction regions for the two lamellae: one from the irradiated zone
(highlighted by a red rectangle, also in Fig. 1(a)) and the other from the
non-irradiated zone.

The cross-sectional Z-contrast STEM image of the non-irradiated
sample shown in Fig. 3(a) revealed a layered structure consisting of
the YSZ substrate, the CZO buffer layer, and both the non-
superconducting seed layer and the superconducting top layer of the
Fe(Se,Te) film. Vertical contrast modulations across the Fe(Se,Te) film
and the substrate, likely related to strain fields caused by lattice
mismatch, are evident. The buffer layer exhibits notable roughness
typical of the deposition method used, as previously documented [43],
with an average thickness of approximately 20 nm. The seed and top
layers of the Fe(Se,Te) film are approximately 35 nm and 110 nm thick,
respectively, yielding a total thickness of around 165 nm including the
buffer. Previous composition-sensitive studies on this system demon-
strated that the seed layer tends to have a lower tellurium (Te) content
compared to the top layer [20]. This compositional gradient is the result
of differences in the growth conditions during the two-step deposition
process and influences the superconducting behavior, with super-
conducting properties observed only in the top layer. The macroscopic
morphology and phase purity of the films were further verified by
complementary SEM and XRD analyses (see Supporting Information,
Figs. S5 and S7), confirming the homogeneous structure of the film and
the absence of detectable secondary phases.

Complementary MAADF-STEM imaging of the same region uncovers
a wealth of structural details (Fig. 3(b), (c)). The contrast variations
indicate deformed domains within the crystalline film. Here,
“deformed” encompasses both strain-induced lattice distortions and
crystallographic rotations/tilts that modify local diffraction conditions.
The indicated domains show altered contrast due to changes in their
structural orientation and/or elastic state relative to the surrounding
matrix. In addition to these extended deformed regions, the image also
exhibits localized bright spots with altered contrast, which can be
attributed to point defects that induce local lattice distortions in their
immediate vicinity. A representative example of such a feature, imaged
at atomic resolution by high-resolution Z-contrast STEM, is shown in
Fig. S2 of the Supporting Information, where the loss of crystalline
coherence in a localized region of approximately 1 nm is directly visible.
These point-like features represented individual defects or defect clus-
ters that create highly localized strain fields, resulting in enhanced
scattering contrast in MAADF imaging. Furthermore, linear contrast
features are visible that correspond to GBs, where the strain fields
generated at the interface between different grains create altered
diffraction conditions. High-resolution Z-contrast imaging of such re-
gions confirms the presence of adjacent grains with crystallographic
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point defects

boundaries

100 nm

Fig. 3. (a) Cross-sectional Z-contrast STEM image of the as-grown Fe(Se,Te) film structure. Layers include: YSZ substrate, CZO buffer, Fe(Se,Te) seed, and Fe(Se,Te)
top layer. Strain fields caused by lattice mismatch across the various layers are visible as vertical modulations (yellow arrows). (b) MAADF image of the same region,
revealing deformed domains, GBs, and point defects throughout the film (red arrows). Contrast variations reflect local changes in diffraction conditions due to strain
fields and crystallographic rotations. (c) Higher magnification detail of the boxed region in (b), showing point defects in the Fe(Se,Te) film.

misorientation, as shown in Fig. S1 of the Supporting Information. These
three types of contrast variations - deformed domains, point defects, and
GBs - collectively demonstrate the complex microstructural landscape
accessible through MAADF imaging.

In the irradiated sample, structural deformations are significantly
more pronounced. STEM imaging revealed surface and interfacial pro-
trusions as reported in literature for similar iron-irradiated systems [36],
particularly at the Fe(Se,Te)/CZO boundary and at the Fe(Se,Te) surface
(Fig. 4(a)). A direct comparison between the as-grown and irradiated
film surface morphology, highlighting the appearance of these nano-
scale surface features, is reported in the Supporting Information
(Fig. S6). These protrusions can be attributed to ion impact, especially at
the interfaces where abrupt changes in density and mechanical prop-
erties occur. Furthermore, vertically extended defect tracks are observed
running from the surface deep into the film (Fig. 4(b)). These tracks,
originating near the surface protrusions, follow a slightly meandering
path, oscillating around a central axis. In fact, such paths are not
perfectly linear but instead trace a zigzagging progression probably
caused by sequential elastic collisions of the Au-ions against the target
atom nuclei and secondary collisions that come with it. These tracks are
composed of dislocation chains, which are clearly resolved in the
high-magnification view of Fig. 4(c).

A closer inspection of one of these tracks revealed that dislocations
follow a staggered alignment, delineating the track's profile. Despite
these structural disruptions, the crystalline nature of the film is largely
preserved. The overall defect configuration introduced by the ion irra-
diation therefore consists of vertically oriented dislocation arrays, which
can be interpreted as planar defects tracing the path of the ion through
the film. Additional selected area electron diffraction analysis (Sup-
porting Information, Fig. S8) reveals a splitting of the diffraction spots in
the irradiated sample, indicating the presence of locally misoriented
domains consistent with the defect structure observed by STEM.

(C)

FST film

3.2. Transport properties

The critical current density of the strips was measured in the tem-
perature (T) range of 4.2 — 10 K as a function of the magnetic field,
applied parallel to the film's c-axis, up to the maximum intensity of 18 T.
Measurements were performed on both the pristine and irradiated strips.
The latter was characterized after the first irradiation at By = 6 T and
after the second one when a cumulative fluence-equivalent field
By = 10 T was reached. The results are shown in Fig. 5.

At low temperatures, the self-field J. values of the irradiated strip
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Fig. 5. In-field behavior, up to 18 T, of J. for the investigated strips at different
temperatures in the range 4.2 — 10 K (see symbol legend). J. curves achieved on
the as-grown strip are plotted in black, while the red and green curves refer to J.
values obtained on the irradiated strip at the dose equivalent fields, By, = 6 and
10 T, respectively.

ion track

dislocations

Fig. 4. (a) Z-contrast STEM image of the irradiated region showing surface and interfacial protrusions (cyan arrows) likely induced by ion impact. (b) MAADF image
showing vertical defect tracks (red arrows) propagating from the surface into the film along a zigzag-like path centered on the average ion trajectory. (c) High-
resolution Z-contrast view of one defect track, with dislocations (yellow circles) outlining the non-linear path while maintaining crystalline integrity.
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improve compared to those of the as-grown strip. At T = 8 K, after the
second irradiation, i.e. at By = 10 T, J¢ (0) is 1.2 x 10° A/cmz, already
higher than the corresponding value of the as-grown strip, 9.1 x 10* A/
cm?. Below this temperature, there is an appreciable improvement even
after the first irradiation. Comparable self-field J. enhancements were
found in FeSe( 5Tey 5 films grown on CeO buffered SrTiOg substrate and
irradiated with 190 keV protons [44]. Likewise, an increase of self-field
J. values after heavy-ion irradiation has recently been reported in YBCO
thin films grown on CeO,-buffered SrTiO3 substrates and irradiated with
Au ions [45] [46]. In all the studies, this phenomenon was attributed to
the introduction of effective strong pinning centers, which inhibit vortex
motion [47]. In fact, even in the absence of external magnetic field, the
transport current flowing through the superconductor generates a
magnetic field. When this self-field becomes sufficiently large, vortices
begin to penetrate the film. However, the introduction in the material of
correlated, even though discontinuous defects, as in our investigation,
can trap the very first vortices, thereby improving the self-field J. [45].
Remarkably, in all the investigations the self-field J. enhancement was
measured on films grown on a buffered substrate. Indeed, in the case of
superconducting films, irradiation-caused damage in the substrate could
induce further strain in the film with a detrimental effect on its super-
conducting properties [41]. The buffer layer between the substrate and
the superconducting film acting as a strain absorber could mitigate this
substrate-feedback effect.

At the highest temperature, 10 K, the J. self-field value of the as-
grown strip (4.9 x 10* A/cm?) is greater than the corresponding value
of the irradiated strip, both after the first and the second irradiation
(respectively 2.0 x 10* A/em? and 3.1 x 10* A/cm?). This could be
attributed to the difference in the superconducting critical temperatures:
15.1 K for the as-grown strip, and approximately 14.7 K and 14.4 K for
the irradiated strip after the first and second irradiation processes,
respectively - here T, was determined as the temperature at which the
resistivity is 10% of the normal state resistivity at the transition tem-
perature (see Supplemental materials, Fig. S3).

However, the most noticeable effect of the irradiation processes is
the marked enhancement of the in-field J. behavior: in the magnetic
field ranges comparable with the fluence equivalent field values, J.
decreases slowly compared to the as-grown strip.

To quantify this effect, the ratio I" between the J. of the irradiated
strip and the J, of the as-grown strip, was evaluated at several temper-
atures as a function of the applied magnetic field and is shown in Fig. 6
for both irradiation processes. At T = 10 K, for both irradiation condi-
tions, I" varies slightly as a function of the magnetic field and is always
lower than one. This can be justified by considering the reduced tem-
perature (t = T/T.), where **3°"" = .78 and firradiated _ g5 There-
fore, for the irradiated strip, the closer proximity to T, leads to a
reduction in J.. For T < 10 K, as the temperature moves away from T, I”
increases in both cases and, after the irradiation at By = 10 T, is always
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I' > 1. In particular, after the first irradiation (B, = 6T), in the low-
temperature regime /" (0) ~ 1.5 at 6 K and I" (0) ~ 1.75 at 4.2 K. As
the magnetic field increases, I" decreases slightly up to about 4 T, then
shows a more pronounced reduction up to 8 T, and finally remains
almost constant in the high-field regime, up to 18 T. In this high-field
regime, I" is approximately equal to or greater than 1. When a cumu-
lative By, = 10 T is reached, in the low-temperature regime, I’
(0) ~ 1.4 at 6 Kand I (0) ~ 1.3 at 4.2 K. However, in this case, as the
magnetic field increases up to about 6 T, I" grows, reaching I" (6 T) ~ 2 at
4.2 K, and then decreases slightly in the high-field regime. The behavior
of I', in both irradiation cases, clearly indicates that irradiation with Au
ions modifies the pinning landscape, consistent with the film's structural
changes outlined in Fig. 4, by introducing a new pinning channel active
in the low-temperature regime. Moreover, this effect increases by
increasing the irradiation fluence.

To assess these features, we evaluated the pinning force densities
(Fp = J. x B) before and after irradiation in the temperature range 4.2 —
10K, as shown in Fig. 7. At 10 K, panel d), the proximity to T, causes the
F, of the as-grown strip to be higher than that of the irradiated strip over
the entire magnetic field range. However, already at 8 K, panel c), as the
temperature moves away from T., a marked improvement in F, is
observed after irradiation, particularly for the highest dose corre-
sponding to an equivalent field of 10 T. This trend becomes more pro-
nounced as the temperature is lowered to 6 K, panel b), and, especially,
to 4.2 K, where the F, values of the irradiated strip at both the irradiation
doses exceed those of the as-grown strip across the whole magnetic field
range, panel a). In addition, after irradiation the peak position shifts
differently as the temperature increases, pointing to a different pinning
landscape as will be discussed below.

Finally, we focused our attention on the values of the a-exponent (see
Supplemental materials, Fig. S4), defined in the field range where J.
exhibits a power law decay with magnetic field, J. ~ B~* [48]. The
parameter o serves as an indicator of the vortex pinning landscape. In
our case, the low-T «a values of the irradiated strip are lower than the
corresponding values of the as-grown strip. The combination of these
behaviors once again suggests that the irradiation process with Au ions
at 230 MeV introduces a c-axis correlated pinning mechanism [49],
mainly active at low temperatures, into the Fe(Se,Te) film. The main
quantitative results are summarized in Table 1.

To deeply investigate this issue, the normalized pinning force f, =
Fp/Fpmax (being F, mex the maximum value of the F,) were analyzed in
the framework of Dew-Hughes’ model [50]. According to this model, f,
is expected to be proportional to h?(1 — h)? where h = H/H;, and p and q
are constant parameter depending on the

Kind of pinning centers. Based on STEM analysis, a pinning land-
scape dominated by point and planar defects is expected. In the former
case, the normalized pinning force is expected to scale as
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Table 1

Values of the pinning force maximum (F;,VI”X) and of the applied field at which it occurs (ioHwmax), Of the exponent a, of the fitting parameters, p and g, in equation (3)

and of the reduced magnetic field, hy, for which the pinning force reaches its maximum (hp sp: from experimental data, hy, i: from the fit curve). The values are reported

at all the investigated temperatures for the as-grown and irradiated strips.

T (K) Sample F™ (GN/m®) HoHuax (T) a P q hosp ho. gt
4.2 as- grown 4.9 9.0 0.16 0.90 1.91 0.32 0.32
By=6T 6.8 5.5 0.13 0.82 2.41 0.19 0.25
By=10T 9.0 7.0 0.07 1.15 3.20 0.22 0.26
6.0 as- grown 3.0 8.0 0.20 0.85 1.85 0.33 0.32
By=6T 3.4 6.0 0.17 0.90 2.70 0.23 0.25
By=10T 4.9 6.0 0.09 0.97 2.87 0.24 0.25
8.0 as- grown 15 5.0 0.22 0.94 1.87 0.33 0.33
By=6T 1.0 4.5 0.24 0.87 1.83 0.33 0.32
By=10T 1.8 5.5 0.22 0.93 2.00 0.33 0.32
10.0 as- grown 0.4 3.5 0.33 0.85 1.98 0.32 0.30
By=6T 0.1 3.5 0.46 0.89 2.21 0.32 0.29
By=10T 0.3 3.5 0.32 1.33 2.56 0.37 0.34
fo(M)sch-(1 — h)? 6} appropriate method for determining H,.

implying a linear drop of the curve J% s, uoH at high magnetic fields

and the irreversibility field y,H;» can be evaluated by linearly extrap-
olating this curve down to zero [51]. On the other hand, if the pinning is
dominated by normal surface defects the normalized pinning force is
expected to scale as

fo(h)xh®®-(1 - h)? @)

And the Kramer's plot [52] JY2(u,H)"* vs. uoH shows a linear
behaviour at high field and its extrapolation to zero can be used to
determine Hj,. Therefore, the high-field branch of both the Jg/ 2 vs. poH
and Ji/Z(yOH)l/4 vs. poH curves measured at different temperatures
before and after irradiation were linearly interpolated. Then, comparing
the linear correlation coefficient, r2, case by case, we selected the more

Noteworthy, for the non-irradiated strip the J? vs., uoH curves al-
ways show a better linear trend at high field, while after irradiation the
Kramer's approach works better at low temperatures. By way of
example, in Fig. 8 the curves obtained at T = 6 K are compared. On the

contrary, approaching T, the JH? vs. uoH curves provide higher linear
correlation index also after irradiation. However, no extrapolation was
required at T = 8 and 10 K because yyH; was directly determined from
the experimental data.

After establishing Hi» and F,max, the f, vs. h curves were plotted
(Fig. 9) and fitted by the equation

(p+q)
foh) = %w.a e ®

being p and q the fitting parameters, whose values are summarized in
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Table 1. It is worth noticing that since the experimental data are a bit
scattered (especially at high temperatures), the value of F; e Was in
turn determined by fitting the experimental data F,, vs yoH in Fig. 7 with
a polynomial equation. Fig. 9(a) and (b) evidence that, at low temper-
atures, the introduction of irradiation defects causes the F}, peak to move
towards lower reduced field values. According to Dew-Hughes’ model,
the shift of the peak position from 0.32 to 0.33 to 0.19-0.26 indicates the
transition from a mechanism dominated by core interaction between the
flux lines and normal point-like defects to a normal surface core-pinning
mechanism. Remarkably, the former mechanism is consistent with the
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point defect distribution evidenced by MAADF — STEM imaging, which
could be caused by an inhomogeneous distribution of Se and Te [53]
[54]. On the other hand, the occurrence of dislocation arrays along the
ion path in the irradiated samples, which are expected to behave as
normal surface defects [55] [56], support the f;, peak shift toward lower
h values.

According to J. ratio output depicted in Fig. 6, at 8 K, a slight in-
crease of pinning force only occurs after the irradiation at the higher
fluence, while irradiation at the lower fluence induced a worsening.
Concurrently, the position of the f, peak as well as p and g values are
approximately the same for all the curves (Fig. 9(c) and Table 1) sug-
gesting the predominance of a normal point pinning mechanism both
before and after irradiation. The combination of these two outcomes
could imply a reduced pinning efficiency of the irradiation-induced
defects for temperatures higher than T./2. Further approaching the
transition temperature, the sharp decrease of the pinning force after
irradiation already evidenced in Fig. 7 is accompanied by the f, peak
deformation and shift towards higher reduced fields (Fig. 9(d)). The
different behavior observed in the irradiated strip supports the hy-
pothesis that irradiation-induced defects play a less important role as the
temperature increases. Furthermore, the shift of the f, peak towards
values higher than 0.33 also suggests an additional contribution of
Ak-pinning (or 8T, pinning) as can be expected considering the prox-
imity to the transition temperature [57].

The change of the pinning mechanisms with temperature in each
sample is visually summed up in Fig. 10, where the f, vs. h curves
measured at various temperatures are compared for the pristine (a) and
irradiated strips (b and c).

As a final analysis, in Fig. 11 we compare the angular dependence of
the critical current density of the as-grown strip with that of the irra-
diated one. The critical current densities were evaluated as a function of
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(b) f,‘/. .‘f\ N T=6K
¢ EANER
—~ 08+ b4 hed \’) A 1
x g4 °,
g b :\ \\0
g 4/ ® b
. 0.6+ & * < i
~ iy ’\. '\
- # e
044 \t‘.\. 1
~ RN X
we \\: \
024 & - - - Asgrown NN
' ¢ ---B,=6T . 0
.
¢ ---B,=10T
0.0 4 4
0.0 0.2 0.4 0.6 0.8
h (= H/Hirr )
T T T T T X
1.0 (d) Sned, T=10K/{
’(// o SJe
4 ° (\Q
"> 081 , RN _
3 19/® o ‘.\\?
£ !y ° \
' N\
W 06 g/. ]
- ' .
o
W o -
I 0.4 f.- N R
- & * W\
we [ \\\‘
024 7/ ® - - - Asgrown \‘\\. .
) e ---B,=6T “N\e )
00, o --=-B,=10T ASCEN
0.0 0.2 0.4 0.6 0.8 1.0
h (= H/Hirr )

Fig. 9. Normalized flux pinning f, = F; /Fpmax as a function of the reduced field h = H/H;, at T = 4.2 K (a), 6 K (b), 8 K (c) an 10 K (d) for the as-grown and irradiated
strips. Solid lines represent the fit curves with equation (3) (see main text). The fit parameter values, p and q are summed up in Table 1, together with the reduced

field of the peak position (hp: from experimental data, h;, i from the fit curve).
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the angle between the applied magnetic field and the film surface, with
0° corresponding to the field direction parallel to the film's c-axis, i.e, to
the ion irradiation direction.

It is well known that Fe(Se,Te) films exhibit low angular anisotropy,
especially when compared to REBCO superconductors [58]. However,
the correlated pinning landscape shown in Fig. 4 should, in principle, act
beneficially to further reduce the angular anisotropy of the critical
current density.

Superconductivity 18 (2026) 100262

Panels (a) and (b) of Fig. 11 compare the J.(0) before and after both
the irradiation processes evaluated at 8 K and a magnetic field magni-
tude of 1 T and 5 T, respectively. At the low field intensity of 1 T, panel
(a), the pinning landscape introduced by the Au ion irradiation does not
appear to be effective in reducing the angular anisotropy with respect to
the as-grown Fe(Se,Te) film. However, as the magnitude of the applied
magnetic field is increased to 5 T, panel (b), the angular dependence of
the critical current in the irradiated strip becomes more isotropic. In
particular, after the irradiation at the highest ion fluence, B, = 10 T, J,.
shows an almost constant behavior over the angular range from
approximately —45° to 45°.

To quantify this effect, we evaluated the angular anisotropy
parameter, defined as yg = J. (H//a,b)/J. (H//c), as reported in Table 2.
At a temperature of 8 K and magnetic field of 1 T, y§*#°"" = 1.23, which
is lower than the parameters observed for the irradiated samples:
v87 = 1.59 and v§°T = 1.39. However, when the magnetic field is
increased to 5 T, y§T = 1.56 becomes comparable to y38°"" = 1.59,
while y§°T = 1.25 decreases further, suggesting that the correlated
pinning landscape described in Fig. 4 becomes active. As the tempera-
ture decreases, the effectiveness of the correlated pinning contribution
becomes more evident. At 6 K and 5 T, panel (c), after the irradiation at
By, =10T J.is not only nearly constant over the whole angular range but
also exhibits a moderate bump around 0. This confirms the effectiveness
of this correlated pinning landscape induced by irradiation. When the
magnetic field is enhanced at 7 T, panel (d), the bump disappears.
However, the angular dependence of the critical current density remains
almost unchanged. Conversely, the J. vs 0 curves measured before and
after the first irradiation at the fluence-equivalent field of 6 T collapse on
each other at both magnetic field magnitudes.

Finally, as reported in Table 2, at 4.2 K the relation ¥, >
40T is observed at both applied magnetic fields, 5 T and 7 T. In

as-grown

YST > 70
addition, the angular dependence of the critical current density after
both the irradiation processes exhibits lower anisotropy compared to the
as-grown strip across the entire range, as shown in panels (e) and (f) of
Fig. 11. In agreement with the previous discussions, this behavior sug-
gests that the Au ion irradiation has introduced a new correlated pinning
channel that is active in the low-temperature and up to mid-to-high field
regime.

4. Conclusions

In this paper we thoroughly investigated the effect of 230 MeV Au-
ion irradiation on the pinning properties of Fe(Se,Te) films grown on
CZO buffered YSZ substrates, and correlated the observations from a
comprehensive analysis of structural features performed through STEM
with the analysis of transport properties such as critical current density
and pinning force as a function of temperature as well as magnitude and
orientation of the applied field.

STEM imaging revealed surface and interfacial protrusions which
can be attributed to ion impact especially at interfaces, and vertically
extended defect tracks from the surface through the whole super-
conducting film thickness, which are composed of dislocation chains.
The overall defect configuration introduced by the ion irradiation con-
sisted of vertical dislocation arrays, which can be interpreted as planar
defects tracing the path of the ion through the film and interacting with
the pre-existing pinning landscape modifying its strength and
anisotropy.

The most noticeable effect of the irradiation processes on the trans-
port properties is the marked enhancement of J.: in the magnetic field
ranges comparable with the fluence equivalent field values, J. decreases
slowly compared to the as-grown strip. After both the irradiations, the
analysis of the behavior of the ratio between J. of the irradiated strip and
J. of the as-grown one clearly indicated that Au-ions irradiation modifies
the pinning landscape, by introducing a new pinning channel more
active in the low-temperature regime and more effective as the irradi-
ation fluence increases. These results are consistent with the observation
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Fig. 11. Angular behavior of the critical current density, at different temperature and applied magnetic field values, for the as grown strip (black curves) and the
irradiated strip, after each irradiation process (fluence-equivalent field B, = 6 T (red curves), fluence-equivalent field B, = 10 T (green curves)).

Table 2

Values of the angular anisotropy parameter y, evaluated at poH =1 T, 5 T and
7 T. The values are reported for the as-grown and irradiated strips at all at all the
investigated temperatures for the as-grown and irradiated strips.

T (K) Sample ' B "
4.2 as- grown - 1.25 1.45
By,=6T - 1.20 1.37
B;=10T - 1.12 1.22
6.0 as- grown - 1.39 1.64
By,=6T - 1.37 1.54
B;=10T - 1.08 1.25
8.0 as- grown 1.23 1.59 -
By=6T 1.59 1.56 -
B;=10T 1.39 1.25 -

of a c-axis correlated pinning mechanism active at low temperature
emerging from the analysis of the pinning forces vs field and tempera-
ture. The effectiveness of this new correlated pinning channel is also
confirmed by the angular dependence of the critical current density,
which after both the irradiation processes exhibits an increase of the
ratio between J. (H//c) and J. (H//a,b) compared to the as-grown strip

values, namely a lower J, anisotropy across the entire range of investi-
gated fields.

All these results confirm that irradiation is a very powerful tool for
tailoring the electromagnetic properties of Fe(Se,Te) superconducting
films in a controlled way, thereby enabling their functionalization for
targeted applications.
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