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Abstract

Irradiating a superconductor with ions is a powerful tool to create a controlled distribution of
defects in it, with a morphology depending on the energy and the mass of the chosen particle. In
this study, high-energy Pb-ion irradiation (1.15 GeV) was performed on Fe(Se, Te) thin films
grown on CaF, substrates, to introduce columnar defects and to enhance flux pinning capability
and critical current density (J.). The employed fluence was 2.9 x 10'' cm~2, corresponding to a
dose equivalent field of 6 T. X-ray diffraction and scanning transmission electron microscopy
analyses confirmed an increase of the defect density after irradiation, and the formation of
columnar tracks. Despite a slight reduction in the critical temperature (around 1 K), the
irradiated samples showed an increase of J. up to 40%, in magnetic fields close to the dose
equivalent field. Irradiation also induces a kink in the irreversibility line, which is consistent
with a transition from a low-field single-vortex pinning regime provided by irradiation columnar
defects to a high-field collective pinning regime. Accordingly, the analysis of the pinning force
evidenced a shift in the peak position after irradiation, which can be associated to the active role
of the irradiation tracks. These results demonstrate the effectiveness of irradiation in optimizing
the performance of iron-based superconducting films.

Keywords: Fe-based superconductors, high-energy heavy-ion irradiation, Fe(SeTe), thin films,
columnar defects, microstructural analysis via STEM
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1. Introduction

Since their discovery, iron-based superconductors (IBSs) have
attracted the interest of the scientific community working on
applied superconductivity [1], as their relatively high super-
conducting transition temperature 7, high upper critical fields
H,, and relatively low anisotropy [2, 3] makes them appealing
for developing high-field magnets [4].

The Fe-chalcogenide 11 system, which is characterized by
the electroneutral FeSe layer, has some advantages over other
Fe-based superconductors: it has lower toxicity due to the
absence of As, and the simplest crystal structure among IBSs.
Although the parent compound FeSe has a T, as low as 8 K
[5], it can be enhanced to about 15 K in bulk materials through
Te or S doping [6, 7], up to 21 K in films due to strain [8], and
up to 37 K after application of high pressure [9]. Te substitu-
tion on Se site also enhances H., to 50 T at 2 K, lowering at the
same time its anisotropy [7, 10]. Additionally, Fe(Se,Te) (FST)
exhibits tolerance to relatively high grain boundary angles,
enabling the fabrication of practical conductors without the
need for highly textured templates [11, 12].

Some attempts to fabricate FST powder-in-tube tapes have
been carried out, but they exhibited poor superconducting per-
formances due to the high reactivity of the phase with the
metallic sheaths [13, 14]. Simple coated conductor (CC) archi-
tectures have been investigated thanks to the straightforward
growth of FST films through pulsed laser deposition (PLD)
with respect to RE-Ba;Cu3zO7_, (RE = rare earth, REBCO
henceforth) ones [15]. Commercial templates have been
employed to successfully grow FST films [16, 17], and meter-
long highly c-axis-textured FST-CCs conductors were depos-
ited on CeO,-buffered IBAD (Ion Beam Assisted Deposition)-
MgO tapes by reel-to-reel PLD showing J.. above 2 MA cm ™2
at 4.2 K and self-field [18]. Recently, simplified RABiTS
(Rolling-Assisted Biaxially Textured Substrate) architectures
have been proposed [19], and we proved that the simplified
architecture Ni-W/Zr-doped CeO, (MOD)/Fe(Se,Te) is suit-
able for the manufacturing of iron-based CCs based on a
simple, thin, chemically deposited buffer [20-22].

IBS thin films usually contain numerous natural defects.
For example, in the Ba-122 system—depending on the pro-
cessing conditions—the formation of defects such as BaFeO
nanopillars [23], stacking faults [24], dislocations [25], and
rotating columnar grains [26] are expected. Our FST thin films
showed growth-induced defects which, depending on the spe-
cific growth parameters, can include grain boundaries of regu-
larly shaped rotated grains, lattice distortions, 2D defects high-
mass walls, different Se/Te stoichiometry, all of which behav-
ing as a source of flux pinning [27]. To improve application-
relevant parameters such as the in-field J.. properties of various
IBSs, artificial pinning centres have been introduced by using
techniques like the multilayer approach, PLD target modifica-
tion, transition metal doping [28-34].

Among other approaches, irradiation has been proven to
be a valuable procedure for the introduction of a controlled
distribution of defects, tuning the pinning mechanisms and

improving J. and its in-field behaviour. At the same time,
irradiation allows defining damage thresholds above which
degradation of the superconducting properties occurs, which is
crucial for applications where high radiation levels are expec-
ted (e.g. fusion) [35]. The defect morphology can suitably be
chosen by selecting mass and energy of the impinging particles
[36, 37]. For example, MeV and sub-MeV proton irradiations
result in the addition of point defects, which was found to pro-
duce J. enhancement even exceeding 50% [15, 38, 39]. An
analogous J. improvement was measured in FST films where
isotropic pinning centres with an average diameter of 10—
15 nm were generated by 6 MeV Au-ions [40, 41]. A mixed
pinning landscape where discontinuous tracks directed along
the ion path are surrounded by clusters of point-like defects
were instead created in FST single crystals irradiated by a few
hundred MeV Au-ions [42] with a general enhancement of J,.
both in dc and high frequency regime [43, 44]. On the other
hand, continuous columnar defects are expected in the case of
irradiation with heavy ions having energy close to or higher
than 1 GeV, as observed in other IBSs [43, 45-47].

In this study, we deal with the effect of 1.15 GeV Pb-
ion irradiation on 230 nm thick Fe(Se,Te) films grown on
CaF, substrates. To our best knowledge, this is the first time
that the effect of irradiation with particles potentially able to
induce continuous columnar tracks has been investigated in
iron chalcogenide films. First, the irradiation-induced modific-
ation of the lattice structure was investigated via x-ray diffrac-
tion (XRD) measurements and scanning transmission elec-
tron microscopy (STEM). Then, we focused on the irradi-
ation effects on parameters such as the critical temperature,
the irreversibility line and the critical current density, which
are crucial for applications. Overall, the interaction of vortices
with pinning centres was investigated both before and after ion
irradiation.

2. Experimental details

Two twin 230 nm-thick Fe(Se,Te) thin films were grown
by PLD on CaF,(001) single-crystal substrates using a
FeSe( sTeq 5 target synthesized with a two-step method [48].
The deposition was performed with a 1024 nm Nd:YAG laser
whose parameters were optimized to obtain high-quality epi-
taxial thin films: 3 Hz repetition rate, 2 J cm 2 fluency, 2 mm?
spot size, and 5 cm substrate-target distance [49]. During
deposition, the substrate was heated at 300 °C at the base pres-
sure of the system (107® mbar).

The as-grown films were patterned by standard UV litho-
graphy followed by water-cooled argon ion milling (with an
Ar energy of 500 eV). After the milling process, the samples
were cleaned by mild sonication in acetone for a few tens of
seconds and dried in nitrogen flow [50]. In order to perform
transport properties measurements on a defined geometry, one
5 x 5 mm? sample was patterned as Hall bars (having chan-
nel size of 20 x 50 pmz), while another one, having size of
7 x 7 mm?, was patterned as 1 x 0.6 mm?’ rectangles for
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Figure 1. Optical micrographs showing two FST Hall bar-shaped
micro-bridges (a), and a rectangular pattern (b). Red boxes delineate
the irradiated areas. In the case of the rectangular pattern, half
sample was kept in the pristine state by covering it with a tantalum
mask.

XRD analysis. The optical images of both of them are shown
in figure 1.

The samples were irradiated in vacuum at room temper-
ature with 1.15 GeV Pb ions at the PIAVE-ALPI facility of
the INFN Legnaro National Laboratories (Italy). The irradi-
ation fluence, ¢ = 2.90 x 10" cm~2, corresponds to a dose-
equivalent field—i.e. the magnetic field for which the flux-
lines density in the sample matches the number of impinging
ions per unit area —By = 6 T. The irradiation beam was dir-
ected perpendicular to the film plane and the ions implanted
into the CaF, substrate at a depth of about 47 um, as calcu-
lated by means of the Monte Carlo SRIM code. Among the
samples destinated to transport measurements, one Hall bar
was homogeneously irradiated (red box area in figure 1(a)),
keeping the others in the pristine state. In the case of the rectan-
gular patterns, each one was partially irradiated (red box area
in figure 1(b)) and partially kept in the pristine state by shield-
ing it with a tantalum mask. The ions are expected to produce
strongly anisotropic columnar defects along the ion’s traject-
ory mainly due to ion inelastic scattering against the target
atom electrons (ionization), and a cloud of point-like defects
due to secondary collisions [47]. The calculated profile of the
implanted ions as well as the distribution of the energy released
by inelastic scattering are plotted in figure 2.

XRD measurements were carried out using a Bruker D8
Da Vinci diffractometer, equipped with a two-bounce mono-
chromator for high-resolution measurements and a Montel
optic with dual parallelizing mirrors, enabling beam focus-
ing on micrometric regions. The system includes a motorized
XY stage, an integrated microscope, and a laser alignment sys-
tem, allowing precise targeting of measurement areas down to
50 x 50 pm?.

Two lamellae were extracted by focused ion beam from
the irradiated and non-irradiated regions, respectively, of
the rectangular-patterned sample shown in figure 1(b). Both

FeSe, ;Te, 5 film [E; = 4.2x10* eV/nm ion]
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Figure 2. Distribution of the energy lost by Pb-ions due to
ionization (i.e. released by inelastic scattering against the target
atom electrons) in both the FST film (thickness not to scale) and
CaF; substrate and Pb-ion implantation peak in the CaF, substrate.
Data were calculated by means of the Monte Carlo SRIM code. The
zero depth corresponds to the sample surface.

regions were selected sufficiently far from the mask edges to
ensure that the defect distributions observed in the lamellae
are representative of the typical defect landscapes in the irra-
diated and non-irradiated areas, respectively. These lamellae
were analysed by using a JEOL JEM-ARM 200CF micro-
scope. High-angle annular dark field (HAADF) combined
with medium-angle annular dark field (MAADF) imaging
was used to reveal both mass-thickness contrast and strain
fields [51, 52].

Transport measurements on a pristine and an irradiated Hall
bar were carried out in a 16 T cryogen-free superconducting
magnet with an 85 mm diameter room temperature bore and a
variable temperature insert for measurements in the range 1.6—
325 K. Resistivity measurements as a function of the applied
magnetic field were performed in four-probes configuration.
Critical current values at 5 K, 8 K and 12 K and in magnetic
fields up to 16 T were extracted from voltage-current char-
acteristics acquired by sweeping the current from zero with
exponentially increasing steps. The magnetic field was always
applied perpendicular to the film surface and to the bias current
path.

3. Results and discussion

High-resolution XRD (HRXRD) measurements were per-
formed on both the irradiated and non-irradiated regions of the
FST rectangular pattern shown in figure 1(b), located less than
300 pm apart. Reciprocal space maps were acquired along
the [004] and [Ah0A] directions to estimate the lattice paramet-
ers a and ¢ and -26 sections were extracted and shown in
figure 3. Additionally, the Pn—Fe—Pn bond angle (o) and the
Pn-Fe bond length (where Pn = Se, Te) were extracted from
the intensity ratio of the 001 and 003 reflections, following the
method reported in [8].
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Figure 3. 0-20 profile of 001 peaks measured in two contiguous
regions (pristine and irradiated) of the rectangular pattern shown in
figure 1(b). Small but significative variation in position and width
are detectable. In the inset the Williamson—Hall plot showing that
this broadening reflects an increase in the microstrain and a small
reduction in the average coherent domain size.

Rocking curve analysis revealed no significant differences
between the irradiated and pristine areas, indicating that
the long-range crystalline order remains largely preserved.
Nonetheless, slight variations in the lattice parameters were
observed, consistent with a modest local distortion (figure 3
shows the superposition of the corresponding diffraction pat-
terns). To assess the impact of irradiation on the microstruc-
tural properties of the thin films, a diffraction line broaden-
ing analysis was carried out. Although the instrumental con-
tribution to peak broadening was not subtracted—given that
our aim was to qualitatively evaluate the effect of irradiation
rather than to determine absolute values for strain and crys-
tallite size—the Williamson—Hall analysis of the 00/ reflec-
tions proved informative. In particular, the pristine region yiel-
ded a domain size compatible with the film thickness, while a
slightly reduced value was found in the irradiated area. As dis-
cussed in the following section, this reduction can be attributed
to the formation of protrusions at the film—substrate interface,
corresponding to ion impact sites, which locally disrupt the
coherent scattering volume.

From the differential Williamson—Hall analysis the inter-
cept at the origin confirms the aforementioned reduction in the
coherent domain size (D), while the slope reveals an increase
in microstrain. These findings indicate that irradiation induces
only minimal changes in the average crystallographic structure
but generates localized structural distortions. Actually, TEM
analysis reveals the formation of irradiation-induced colum-
nar defects accompanied by enhanced microstrain fields (see
below), which facilitate the emergence of secondary defects
and dislocations, ultimately reducing the size of the coher-
ent domains. Furthermore, the strain fields surrounding these

Table 1. Crystallographic parameters measured in two regions
(pristine and irradiated) of the rectangular pattern shown in
figure 1(b).

Pristine Irradiated
a(A) 3.736 3.744
c(A) 5.977 5.979
d Pn—Fe bond length A) 2.44 2.46
« Pn—-Fe—Pn angle (deg) 99.4 98.8

defects lead to a slight deviation of the Pn—Fe—Pn bond angle,
as reflected in the structural parameters reported in table 1, and
are likely responsible for the small decrease in the supercon-
ducting critical temperature observed after irradiation.

STEM analysis was performed on both irradiated and
non-irradiated samples. For the non-irradiated sample, the
HAADF-STEM image (figure 4(a)) shows the FST film with a
higher contrast than the underlying CaF, substrate, in line with
the expected Z-contrast arising from its higher average atomic
number. The film thickness was measured to be approximately
230 nm. The contrast in the film is not uniform: vertically
aligned stripes of varying intensity are clearly visible, indic-
ative of strain fields likely induced by epitaxial mismatch with
the CaF, substrate. Additionally, several isolated low-contrast
dots are dispersed throughout the film, which may correspond
to areas with locally disrupted crystalline order.

The MAADF-STEM image (figure 4(b)), acquired from the
same region shown in figure 4(a), offers additional insight into
the microstructural defects. In particular, the presence of local
distortions in the crystal lattice reveals dislocations with differ-
ent morphologies: some of them appear as localized point-like
features (yellow arrows) while others show loop-like config-
urations (red arrows), both contributing to local strain fields.

The irradiated region was similarly investigated with
HAADF and MAADF-STEM imaging (figures 5(a) and (b),
respectively). In the HAADF image (figure 5(a)), the over-
all contrast and structure appear qualitatively similar to the
pristine case, with no major changes in morphology. However,
at the FST/CaF, interface, distinct protrusions are observed
and associated to the ion tracks penetrating the substrate.
These features, resembling crater-like structures, are likely the
result of chemical intermixing and partial diffusion of Caand F
atoms from the substrate into the film and occurring along the
ion track as it crosses the film/substrate interface. In contrast,
the MAADF-STEM image (figure 5(b)) reveals clear evid-
ence of irradiation-induced damage within the film. In addi-
tion to the pre-existing defects observed in the pristine sample,
linear features aligned along the ion trajectories are visible
throughout the film thickness. These tracks exhibit a central
region with contrast similar to the adjoining matrix, surroun-
ded by brighter halos consistent with strain-enhanced contrast.
This morphology suggests the presence of columnar defects
that consist of partially amorphized columns, with strain fields
extending radially outward. Such extended defects are charac-
teristic of ion tracks produced by high-energy heavy ion irradi-
ation and are expected to play a dominant role in flux pinning.
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Figure 4. STEM images of the pristine FST film. (a) HAADF-STEM image showing the FST film on CaF, substrate. Yellow circles
highlight low-contrast dots, while vertical contrast variations throughout the film indicate strain fields due to lattice mismatch with the
substrate (blue arrows). (b) MAADF-STEM image of the same region revealing dislocations with different morphologies: point-like
features (yellow arrows) and dislocation loops (red arrows) that locally distort the crystal lattice.

multiple
ion track

single
ion track
e

Figure 5. STEM images of the irradiated FST film. (a) HAADF-STEM image showing crater-like protrusions at the FST/CaF; interface
(blue arrows) marking ion impact points. Red dashed arrows connect to the corresponding ion tracks shown in (b). (b) MAADF-STEM
image revealing two representative ion tracks: a wide track from multiple overlapping ions (double red dashed arrows) and a narrower
single-ion track (single red dashed arrow). Small red arrows guide the eye along the track development through the film thickness.

Column diameters range from a few nm up to about 10 nm,
with the larger tracks that can be likely ascribed to the over-
lapping of multiple ion trajectories within the same column.
Comparison between the two imaging modes shows that
while MAADF reveals ion tracks of varying visibility within
the film, the number of detectable tracks is lower than the dens-
ity of interface protrusions. This indicates that interface pro-
trusions provide a more reliable method for assessing ion track
density. However, the number of tracks counted in this way is
still much lower (1.25 x 10" cm™2) than the expected nom-
inal value and can only be considered as the lower limit of the
columnar defects really induced in the FST film. An analog-
ous difference between the nominal fluence and the density
of the irradiation tracks has already been observed in other

non-clean systems, as reported in [53] for Pb-ion irradiated
YBCO CCs, where the authors also claim that since the irradi-
ation tracks are scattered with a Poisson distribution, locally,
their distribution can easily vary by a factor of two or three.
Despite this numerical discrepancy, MAADF-STEM imaging
confirms the formation of a mixed pinning landscape: pre-
existing dislocations and strain-related features in the pristine
film are complemented by irradiation-induced columnar
defects.

To assess the functional impact of the observed micro-
structural changes on the superconducting properties, elec-
trical transport measurements were performed on both pristine
and irradiated samples. Figure 6 displays the temperature
dependence of the electrical resistivity (normalized to the
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Figure 6. Temperature dependences of the normalized electrical
resistivity measured at poH = 0 T before and after Pb-ion
irradiation.

value measured at 20 K) for a pristine and the Pb irradiated
Hall bar when the applied field is pioH = 0 T. The irradiation
yields a T, decrease of about 1 K, either in the onset and in
its zero-resistance value: after irradiation 7. decreases from
17.7 K to 16.5 K without transition broadening.

Most irradiation experiments on IBSs have reported a
decrease in T [54], including high-energy heavy-ion irradi-
ation, especially at high fluences, except for K-doped Ba-122
irradiated with 1.4 GeV Pb ions to a fluence of 10'2 cm™2,
which left 7. unchanged [55]. Also, in FST films a slight
decrease in T, was usually observed [40, 41, 56], even if in
some cases an increase was found after low energy proton
irradiation [38, 41]. Such a modest decrease observed in 7'
is compatible with the slight distortion of the crystallographic
parameters calculated from HRXRD and reported in table 1.

In figure 7, the upper critical field H, and the irreversibility
field Hj;; are shown for the pristine and the irradiated bridges.
The curves were obtained from the resistivity measurements,
evaluating the temperature at which the resistivity equals 90%
and 10% of its normal-state value, respectively. Irradiation
changes the phase diagram of the FST film. Because of the
decrease of the transition temperature, both the poH, and
woHi curves are shifted towards lower temperature values.
woH o curves, as usually reported for other irradiation experi-
ments carried out on IBSs, exhibit the positive effect of a slight
increase in scattering—i.e. a slightly larger slope dH,/dT near
T.—which has to compete with the contemporary decrease of
the transition temperature [54]. The irreversibility line, after
irradiation, shows a clear curvature change at poHjyr = 5 T
(i.e. 5/6 By), where it switches from an almost parabolic beha-
viour at low fields to a linear one. This feature becomes par-
ticularly evident in the log-log plot poHiy vs (1—=7/Tixot1)
reported in figure 8, where Tiyor is the irreversibility tem-
perature at poH = 0 T. Indeed, before irradiation the curve
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Figure 7. Temperature dependences of the upper critical field H,
and the irreversibility field Hj, before and after Pb-ion irradiation.
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Figure 8. Double-logarithmic scale plot of irreversibility fields
poHiry as a function 1—T/Tiyor. The dashed lines were achieved by
fitting the experimental data (symbols) with the law p1oHj o<
(1—=T/Tior)*. In the inset, the fit of the after-irradiation
irreversibility line with (1)—see main text—is shown (#gg, dashed
curve). The dashed curve #y, represents the before-irradiation
melting line and was obtained via a polynomial fit of the
experimental data.

shows a linear behaviour with an almost constant slope in the
whole investigated range of applied field while after irradiation
a clear slope change emerges at j1oH;y =5 T.

Following [57, 58], this kink could be ascribed to a cros-
sover in flux pinning from a regime with strong vortex local-
ization (low field region where the slope of the log—log curve
is a = 1.49 and the irreversibility line can be considered a
Bose-glass transition line) to a regime with weaker vortex loc-
alization (high field region where the slope of the log—log
curve is « = 0.87). Referring to the columnar morphology of
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Figure 9. (a) J. of the pristine and irradiated Hall bars measured as a function of the applied magnetic field at 5 K, 8 K, and 12 K. (b) Ratio
of the critical current densities measured across the irradiated Hall bar to those measured across the pristine one at the same temperature,

T =5,8and 12 K.

irradiation-induced defects, this kink could indicate a trans-
ition from a single-vortex pinning regime provided by correl-
ated disorder (i.e. the irradiation columnar defects) to a weaker
and collective pinning regime [57, 58]. Its occurrence at a field
lower than the nominal dose equivalent field can be explained
by the randomness of the columns and partial overlapping of
some of them, as revealed by MAADF-STEM imaging.

Within this transition hypothesis, and labelling the field at
which the kink occurs as By, we argue that for uoHi: < B,
the irreversibility line can be considered a Bose-glass melting
line (Tgg(B)). It can be determined as:

tm (B) + fony

[ M

tsc (B) =
being tpg (B) = Tpg (B) /T. and ty (B) = Ty (B) /T, where
Tin (B) is the pristine melting line (assumed here equal to
the irreversibility line [59]). fon = Ton/T. and ~y are the con-
stant parameters determined by fitting the experimental data:
ton = 0.991 and v = 0.36. As in [58], T,, represents the max-
imum temperature at which the columnar defects are effective
pinning centres and v is related to the confining diameter of
the columnar defects, by, by the equation:

bg

~ 16d€ o (0)Gi'/2 @

v
where Gi is the Ginzburg number, and d is the average dis-
tance between the columnar tracks (d = y/¢o/Bg = 18.6 nm
at By = 6 T, assuming that all ions produce non-overlapping

linear defects). Gi can be made explicit following [2, 60], then
by reads:

1/2
(16927 prodks T A (0)?)
®o

where kg is the Boltzmann constant, ¢ is the flux quantum
and I is the mass anisotropy factor, here assumedtobe I' = 1.7
[61]. As for the London in-plane penetration depth, A, (0),
we measured by a microwave method [62] A\, (0) = 668 nm

by = 3

in FST films with similar 7, in good agreement with the data
reported by Kurokawa et al [63]. Assuming all these values,
from (2) we finally get by = 4.9 nm, a value consistent with the
diameter of the columnar tracks observed in high-resolution
STEM images of the same sample shown in figure 5(b) [64]
and the diameter of the amorphous regions created by Au-ion
irradiation in Fe(Se,Te) single crystal [42].

In figure 9(a), the transport critical current density is repor-
ted as a function of magnetic field at 5, 8 and 12 K. The self-
field value decreases at all temperatures, being more evident
at higher temperature due to the simultaneous effect of the
decrease of T upon irradiation. However, it is clear an increase
of about 40% both at 5 and 8 K for a magnetic field range
between 5 and 7 T, namely just around By, which is a proof
of the effectiveness of the irradiation process, while at higher
fields the J. is unchanged. This effect is more evident if we plot
the ratio between J. after and before irradiation as a function
of the field, as reported in figure 9(b). In FST films, a 40%
increase in J. is a remarkable result. Actually, in IBS single
crystals the J,. increase upon irradiation can reach much higher
values, but only when starting from very clean crystals with
much lower critical current densities [54]. Very few data are
available specifically on FST thin films irradiated with heavy
ions and only with low-energy ions: in [41], Ozaki et al repor-
ted an increase of about 10% upon irradiation with low energy
Au ions, which induce a moderate density of isotropic cluster-
like defects with sizes of the order of 10-15 nm.

The J. improvement leads to an increase of the pin-
ning force, F, = J. - 1oH that reaches a maximum value of
1.56 x 10° Nm~3 at T = 5 K and pioH = 11 T. At the same
temperature and applied field, the before-irradiation value was
1.25 x 10° N m~—>3. To understand the nature of the defects
mainly contributing to the pinning mechanism, we investig-
ated the dependence of pinning force F}, on the magnetic flux
density. To this aim, we applied the model proposed by Dew-
Hughes [65], who demonstrated the scaling of the pinning
force with field:

Fy o (1 - h)f )
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Figure 10. Magnetic flux density dependence of the normalized pinning forces measured before and after irradiation at 7 = 5 (a), 8 (b) and
12 K (¢). Hmax is the magnetic field at which the pinning force reaches its maximum value. Lines represent the fits by (5), see main text.

where h = H/H;,, (replacing the upper critical field reported
in the original relationship [66] by the irreversibility field) and
the proportionality factor as well as the values of parameters
p and g depend on the pinning centre type. However, since the
applied field range limitations do not allow an accurate eval-
uation of Hj,, following the approach reported in [67-69] we
rescaled the pinning force by hma = H/Hax, Where Hy,y is
the magnetic field at which the pinning force reaches its max-
imum value, F}, max. Based on (4), the relationship Hpax JHi =
p/ (p + g) can be inferred, which in turn leads to the equations:

p q
p 14
F, o W’ _ 1 — —hpax
b m“(p+61> ( p+q ma)
F q q
fr= 2 = (q+p> hﬁm(l—phmax) .
Fp max q ptq

Finally, assuming that different kinds of defects can be
active simultaneously [70, 71], the normalized pinning force
takes the form of a direct summation:

- qi +pi Di
=34, (54 i
T Z ( qi ) ( Di+qi

i=1
where p; and ¢; values were established ‘ex ante’ starting from
Dew-Hughes’ scaling laws [65, 72, 73] and A; accounts for the
relative contribution of each kind of defects to the total f,.
Figure 10 shows the f,, (Amax) curves measured at T =5, 8
and 12 K before and after Pb irradiation. In all cases, after
irradiation a slight shift of the normalized f, curve towards
higher A, can be noticed at low applied fields. This change
can be attributed to the occurrence of a different pinning mech-
anism after irradiation. Based on defect morphology revealed
by STEM analysis (figure 4(b)), we assumed the presence of
both normal-core point and surface defects acting as effective
pinning centres both before and after irradiation. The former
could be ascribed to the presence of small dislocation, while
the latter could be attributed to the presence of dislocation
loops arrays. In addition, after irradiation, the contribution of
linear defects is also considered. Dew-Hughes [65] does not
report specific values of p and ¢ in the case of linear pin-
ning. However, Paturi et al [74] found an increase of the p

qi
Di
Finax

qi
hmax> ®)

parameter from 0.55 to 0.9 in YBCO films where columnar
tracks were produced by 150 MeV Ag-ion irradiations. This
growth is very similar to that observed by the same authors
[75]in YBCO films doped with BaZrO3 nanorods. In addition,
a value of the p parameter close to the unity was observed by
Prozorov et al [76] in 0.86 GeV Pb-ion irradiated YBCO films.
Remarkably they found a shift of the p value from 0.96 to 0.55
tilting the sample in such a way the external field was applied
parallel or perpendicular to the irradiation tracks. A reduced
pinning force behaviour consistent with that expected in the
case of point pinning was also found in [77] in 2 H-NbSe,
single crystals irradiated with 800 MeV Xe ions. Moreover,
it is worth mentioning that the assumption g = 2 means a d1-
pinning, which is expected in the presence of strong pinning
centres [78]. Based on these results, the contribution of the
irradiation-induced defects in the pinning force analysis was
assumed to generate the same f, (%), dependence as the nor-
mal point defects. Accordingly, for the analysis of both before-
and after-irradiation curves, (5) was modified as follows

qs +ps)qs < Ps )qs
=A| =—=) W% 1= Pimax
T < gs m pstas
+ 4dp ap
+ (1 7A) (M) hllznpax<l - Pp hmax) (6)
dp Ppt+ap

where p, = 1, and g, = 2 as in the case of normal point pinning
and p; = 0.5 and g, = 2 as in the case of normal surface pinning
[65]. The experimental data were then fitted by (6) where the
parameter A provides the relative contribution of each defect
morphology to the pinning force and is the only fit parameter.
Notably, being the external field applied parallel to the Pb ion
direction, irradiation-induced columnar defects are parallel to
the applied field, too.

From fitting, we obtained that before irradiation A = 0.66,
0.89and 0.72 at T =5, 8 and 12 K, respectively. These results
are consistent with similar investigations performed in [79],
where a dominant contribution of normal surface pinning was
found in FST films deposited on metallic tapes. After irradi-
ation, the parameter A decreases becoming 0.42, 0.70 and 0.57
atT =5, 8 and 12 K, respectively. This supports the evidence
of a relevant contribution of the irradiation-induced defects
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and of the consequent reduction of the relative contribution
of the surface pinning.

4. Conclusions

In summary, we reported a thorough investigation of the
effects of 1.15 GeV Pb irradiation on Fe(Se,Te) thin films
grown on CaF, substrate. We found that, irradiation at a flu-
ence corresponding to a dose equivalent field By of 6 T,
induces multiple types of local structural distortions including
crystallographic parameter changes, enhanced microstrain,
reduced coherent domain size, and formation of partially
amorphized columnar defects with radial strain fields, result-
ing in a slight decrease in 7. while preserving long-range
order. Irradiation does not significantly change the slope of
woHe curves, while a clear curvature change was observed
in the irreversibility line at uoHix = 5 T (i.e. 5/6 By), that
can be interpreted as a crossover in the flux pinning mechan-
ism from a regime with strong vortex localization to a regime
with weaker vortex localization, that is consistent with a trans-
ition from a single-vortex pinning regime provided by correl-
ated disorder (i.e. the irradiation columnar defects observed
through HAADF and MAADF-STEM imaging) to a weaker
and collective pinning regime. Accordingly, at low temperat-
ure, an increase of about 40% in J. was observed for an applied
magnetic field ranging between 5 and 7 T, which is around B4.
This is a demonstration of the fact that it is possible to tune J,
increase introducing a suitable amount of columnar defects—
e.g. controlling the irradiation fluence of high energy heavy-
ions—reaching the maximum enhancement around the match-
ing field. The analysis of the dependence of pinning force on
the magnetic field supported the evidence of a relevant con-
tribution of the irradiation-induced columnar defects parallel
to the applied field and a consequent reduction of the relative
contribution of the surface pinning ascribable to the pristine
defect landscape.
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