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Abstract. We report on the introduction of columnar defects in Baj — K, FeaAso
and BaFez(As1—_4Pz)2 single crystals via 1.2-GeV Pb irradiation. Scanning trans-
mission electron microscopy (STEM) analysis certifies the formation of continuous
defects along the ion tracks, with a diameter of about 3 nm, and a planar den-
sity compatible with the irradiation fluence. The twofold role of such defects,
i.e. as pair breakers as well as pinning centers, is investigated by a microwave
technique, allowing us to determine critical temperature T¢, surface impedance
and penetration depth Ay, and by magneto-optical imaging and superconduct-
ing quantum interference device (SQUID) magnetometry to evaluate the critical
current density J.. The decrease of T, is quite modest and, together with Ap,
modifications, testifies the increase of pair-breaking scattering following irradia-
tion. The dependence of J. on irradiation dose and temperature is due to the
pinning landscape induced by the columnar defects, and shows the existence of
an optimal irradiation dose to enhance the critical current.
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1. Introduction

Defects in type-II superconductors are known to play
different and opposite roles: as pair breakers, they sup-
press the critical temperature, T, [1, 2], and the su-
perfluid density [3, 4], while as pinning centers they
improve the critical current density, J., [5, 6] and
the irreversibility line [7, 8]. In the last decades,
this twofold role has been deeply investigated for the
high-T,. cuprates [9, 10], while for relatively new su-
perconducting materials such as the iron-based ones
(IBS), a comprehensive understanding still needs to be
achieved [11]. As a matter of facts, their multiband
nature is responsible for further intriguing and non-
trivial phenomena connected to defect-induced disor-
der, e.g. changes in the order parameter symmetry
[12, 13, 14]. Hence, gaining for IBSs the same abil-
ity in materials engineering through defects as for the
cuprates would be valuable for the sake of a better un-
derstanding of fundamental mechanisms of supercon-
ductivity [15]. One of the most efficient ways to in-
troduce defects into superconductors is ion irradiation,
allowing the creation of nanoscale defects that act as
deep pinning potentials for magnetic flux lines. Indeed,
this was largely demonstrated for the cuprates and also
holds for IBSs. Moreover, it is noteworthy that IBSs
benefit from the favourable circumstance that J. can
be enhanced by irradiation [16], while at the same time
T. is only slightly suppressed [17], namely much less
than in the cuprates. This is particularly relevant,
since maximizing the sustainable J, is crucial for high-
current applications of superconductivity, where also
operating temperature requirements can be strict to
avoid very high costs [18]. The most efficient pinning
centers for superconducting vortices are defects whose
morphology and dimensions match the flux-lines ones.
Such defects can be generated by irradiation with swift
heavy ions. In this case, defects are composed of nar-
row columnar tracks surrounded radially by a strained
region and a distribution of pointlike defects mostly
generated by secondary particles [19]. The metallic
nature of IBSs causes some differences in comparison
to columnar defects in the cuprates, namely different
energy thresholds for the column formation and the
fact that the defect core is metallic instead of insulat-
ing [20]. For this reason, thorough characterizations of
IBSs in which columnar defects have been introduced
is needed, as well as studies with different combina-
tions of ions and energies in order to identify the most
efficient parameters for the creation of useful defects.

In this frame, we studied the effects of defectiv-
ity generated by 1.2-GeV Pb irradiation on the
properties of optimally doped Ba;_,K,FesAss and
BaFey(As)_, P, )2 single crystals. The defect morphol-
ogy was studied by Scanning Trasmission Electron Mi-
croscopy (STEM) imaging, showing the continuity of

the columnar defects along the ion tracks. The ef-
fects on the intrinsic parameters (7, and London pen-
etration depth) were then investigated by a microwave
technique [21], while the effects on J. and flux pinning
were investigated by magneto-optical imaging [22] and
magnetization measurements. The paper is structured
as follows: first, all the experimental techniques em-
ployed for this study are presented in section 2, then
the role of defects as scattering centers (section 3) and
as pinning centers (section 4) as it emerges from ex-
perimental data is presented. Finally, these results are
discussed and conclusions are drawn in section 5.

2. Techniques

2.1. Sample preparation and irradiation

Optimally doped single crystals of Bag 5sKg.42FesAss
and BaFes(Asg ¢7Po.33)2 were prepared by the FeAs
flux method, using as precursors FeAs, Ba, K and
BasAss, BagPs, FeAs, FeP, respectively [23, 24]. The
doping levels were determined by energy dispersive x-
ray spectroscopy. All crystals were cleaved to be rect-
angular thin plates with thickness less than ~ 20 pm.
This value is much smaller than the implantation depth
of 1.2 GeV Pb ions in these materials as calculated with
SRIM [25] and allows all the ions to go through the
crystals without implanting and contributing to extra
charge.

The samples were irradiated with a 1.2-GeV Pb beam
at the PIAVE-ALPI facility of the INFN Legnaro Lab-
oratories (Italy), with the beam direction parallel to
the c-axis of the crystals. In order to minimize crystal
heating under irradiation, the ion flux was kept below
1.8 x 10% cm™2s~!. The highest fluence achieved is
2.4 x 10'? ecm™2, corresponding to a dose-equivalent
field (Bg) of 48 T.

2.2. TEM analysis

Bag 58Kg.42Fes Asy samples irradiated with B = 4 T
were investigated by means of STEM analysis at the
CRIEPI-Kanagawa Institute in Japan in both planar
and cross-section configurations.

The cross-sectional STEM image reported in figure
1 shows the formation of continuous columnar tracks
along the whole trajectory of the Pb ions throughout
the full thickness of the sample. From the in-plane
images the diameter of the columns can be estimated
to be of about 3 nm. Several in-plane images taken
on different areas and scales were analyzed with
the image processing software ImageJ [26] to count
the number of created defects and estimate their
density. This density can be directly compared to
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Figure 1.

STEM images of a 1.2-GeV Pb irradiated
Baj_;KsFeaAsy crystal. The cross-sectional view (right) shows
that straight defects are created along the ion track, while the
planar view (left) shows that the columns diameter is of about
3 nm.

the irradiation fluence to evaluate the yield of the
irradiation process. The number of defects was counted
by blurring the STEM images to reduce noise, using
the ”"FindMax” function of ImageJ and controlled
manually on a large fraction of the analyzed images.
An example for Ba;_ K, FesAsy with B = 4 T is
given in figure 2. The average defects density was
found to be 1.9140.09x10*! defects/cm?, in good
agreement with the irradiation fluence of the sample
1.9240.09x 10! ions/cm?. From this analysis we can
estimate a 100% yield of 1.2 GeV Pb ions in creating
columnar defects. At high fluences, the possibility
that more than one ion could hit the sample in the
same position is relatively high, and could result in
completely or partially overlapping defects.

TR

Figure 2. Left: in-plane STEM image of a 1.2-GeV Pb
irradiated Baj_,KzFeaAsy crystal. Right: same image as on
the left but with the defects identified (in red) as explained in
the text.

2.3. Magneto-optical imaging

The irradiated samples were preliminary characterized
by means of the Magneto-Optical imaging with an In-
dicator Film (MOIF) technique [27, 28] that allowed us
to visualize directly magnetic field distributions. The

indicator film has spontaneous in-plane magnetization
that is rotated out of plane by the local stray field gen-
erated by the sample. This out of plane component
of the magnetization induces a rotation of the light
polarization plane due to the Faraday effect. The po-
larization analysis in a polarization microscope is used
for the visualization of the local light contrast, which
is related to the local out-of-plane component of the
magnetic field (B, ) in the sample. Through a nonlinear
calibration, the quantitative measurement of the mag-
netic field is achieved. This quantity is, in turn, used
to reconstruct the current density distribution (J) by
an iterative algorithm [29] based on the inversion of the
Biot-Savart law [30]. Exploiting the same algorithm,
the in-plane magnetic field components generated by
the supercurrents are also taken into account. MOIF
measurements were performed on Bag ssKg.49FesAsoy
and BaFes(Asg 67Po.33)2 single crystals partially irra-
diated and partially kept pristine by protecting them
with a suitable screen during the irradiation process.
The analysis of such samples ensured that the observed
modifications in the critical current can be attributed
to the introduction of defects.

2.4. Surface impedance characterization
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Figure 3. Real and imaginary parts of the surface impedance,
Zs = Rs + iXs, for the same Baj_,KzFeaAsy crystal, before
(solid lines) and after (dashed lines) irradiation.

Microwave characterization was performed by a
CoPlanar Waveguide Resonator (CPWR) technique,
developed to characterize small and thin crystals
[31, 32, 33]. The investigated sample was placed in
the central part of the stripline of an YBasCuzOr7_,
resonator [34] and measurements of the resonance
frequency and quality factor were repeated in the
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same conditions, with and without the crystal.
Experimental data was analyzed within a perturbative
approach: the shifts of the resonant frequency and
quality factor relative to no sample coupled to the
resonator, after a calibration procedure, yield the
London penetration depth, A;, and the quasiparticle
conductivity ¢,[31]. The real and imaginary parts of
the surface impedance (shown in figures 3 and 4 for K
and P doped samples, respectively) were then obtained

as:
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Figure 4. Real and imaginary parts of the surface impedance,
Zs = Rs + iXs, for the same BaFea(As1_4Py)2 crystal, before
(solid lines) and after (dashed lines) irradiation.

2.5. Magnetization measurements

The magnetization (M) of Ba;_,K,FesAsy crystals
was measured by a superconducting quantum inter-
ference device (SQUID) magnetometer (MPMS-5XL,
Quantum Design). The sample was placed in a quartz
sample holder and fixed with Apiezon N grease and the
applied fields were parallel to its c-axis [6]. From the
magnetization data, the average bulk in-plane critical
current density J. was calculated using the extended
Bean model [35] as:
AM
a(l—b/3a)’
where AM = Miown-Muyp, Myp and Mgown are the
magnetization when sweeping fields up and down
respectively, and a and b (a < b) are the broad face
dimensions of the sample.

Je =20 (2)

3. Defects as scattering centers

The superconducting transition of both Ba; . K, FesAssy
and BaFes(As;_, P, )2 crystals, before and after irradi-
ation, is shown in figures 3 and 4 through the temper-
ature dependence of the complex surface impedance.
Clearly, irradiation lowers T, and broadens the transi-
tion width. The peak of X,(T") shown in figures 3 and
4 can be explained within a two-fluid model [32]. It
arises because, on entering the superconducting state,
the initial reduction in normal electrons is not imme-
diately compensated, in terms of screening of the mi-
crowave field, by the increase of the superconducting
current [36]. The peak is wider but not higher after
irradiation, whereas in the case of 250 MeV Au ion
irradiation the peak maximum value was strongly en-
hanced with respect to the value at T, [32].

—
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Figure 5. Critical temperature variation with respect to the
pristine value T¢ o due to irradiation with 1.2-GeV Pb ions, as
a function of the dose equivalent field, for both the K-doped
(navy simbols) and the P-doped (red symbols) crystals. In
green dashed lines the expected decrease of critical temperature
due to interband scattering (as calculated using the Eliashberg

equations in Ref. [2]) is reported.

The critical temperature suppression due to
irradiation is shown in figure 5 for Ba;_,K,FesAss
in blue and BaFey(As;_,P,)2 in red. The P
doped material seems to be slightly more affected by
irradiation than the K doped one. This might be
related to the fact that K substitution acts on the
spacer layers, whereas P substitution directly affects
the FeAs layers making the system slightly more fragile
[37]. In order to qualitatively show that T, degradation
is ascribable to interband scattering due to defects,
we compare the experimental critical temperature
suppression rates to the expected one in the case of
similar defects in Ba;_, K, Fes Asy (dashed green line in
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figure 5) discussed in Ref. [2]. The calculations (carried
out within an Eliashberg approach) refer to irradiation
with 250 MeV Au ions that produce discontinuous
correlated tracks [38] instead of continuous columnar
ones as in the case of 1.2 GeV Pb ions. Despite this
difference, the overall typology of defect is comparable
[39] and results in a similar T, suppression rate [2,
40]. Due to these similarities and differences, we
can interpret the reasonable agreement between the
experimental data and the calculations (not optimized
for the present case) as a confirmation of the fact that
the T, degradation is due to pair-breaking scattering
induced by the defects introduced by irradiation (both
columnar core and surrounding pointlike).

Figure 6 shows the London penetration depth as
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Figure 6. London penetration depth of the investigated

crystals, before (solid lines) and after (dashed lines) irradiation,
as a function of the reduced temperature, T'/T. for both the
K-doped (navy) and the P-doped (red) crystals.

a function of the reduced temperature, for the two
compounds, before and after irradiation. The shift
of the curves after irradiation is similar for the two
systems. For both of them, a noticeable increase of
the low temperature value of A\, was observed, similar
to that observed after irradiation of Bal22 systems
with 250-MeV Au ions [2] and 3.5-MeV protons [14],
also independently of the experimental approach used
[41]. Notably, also this kind of modifcations can be
attributed to the effects of pair-breaking interband
scattering [2, 4].

4. Defects as pinning centers

The critical current density increase due to the contri-
bution of defects as pinning centers can be easily visu-
alized by the MOIF technique [42]. Figure 7 shows the
spatial distributions of fields and currents in samples of
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Figure 7. Quantitative MOIF (magnetic field and current
density distribution) of partly irradiated Baj_,K FeaAss (a)
and BaFes(Asi_zPg)2 (b) single crystals (Bg=0.1 T). The
images are taken at T = 8 K and applied magnetic field is 73 mT.

Ba;_,K,FesAsy and BaFes(As;_, P, )2 at low temper-
ature (T'= 8 K) and applied field (pgH=73 mT) for an
irradiation fluence corresponding to a dose-equivalent
field Bs=0.1 T.
The images of the as-grown parts show that doping in
crystals is rather uniform and the inhomogeneity of the
current density distribution is due to macroscopic de-
fects like cracks or small steps (different thickness).
The irradiated parts of the crystals are clearly visible
both in the magnetic field and in the current density
distribution: the irradiation enhanced the critical cur-
rent density and hence the vortex penetration is re-
tarded. The crystals were irradiated together, there-
fore the different enhancement of the critical current
density, between irradiated and as-grown parts (a fac-
tor of about 2 for Ba;_, K, FesAss and of about 4 in
BaFes(As;_,P.)2), can be related either to the intrin-
sic microscopic differences in superconducting proper-
ties between the two compositions or to the as-grown
pinning landscape.
Further details of the in-field critical current density
and the pinning anisotropy studied by MOIF in these
samples will be reported in a separated work.

The dependence of the critical current on the irradi-
ation dose, applied field, and temperature was studied
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Figure 8. Critical current density of Baj_,K;FeaAsy samples
as a function of irradiation dose-equivalent field for different
temperatures at zero field and for an applied field of 1 T parallel
to the defects axis.

by magnetization measurements, as explained in the
previous section. The dependence on these three pa-
rameters is summarized in figure 8 for Ba;_ K, FesAsg
samples, and several aspects can be discussed starting
from it.

First of all, it is evident that the introduction of
columnar defects (increase of Bg) enhances the crit-
ical current through vortex pinning: at low tempera-
ture and zero applied field the maximum increase is
almost five-fold, starting from a reasonably large value
of J.=3.5 MA/cm?. However, this increment is not
monotonic, as will be discussed below. Moreover, it
should be noted that the pinning landscape respon-
sible for the increase of the critical current density is
given by both the narrow columns and the broader dis-
tribution of pointlike defects combined [43, 44].

The dependence of J. on temperature (at fixed ap-
plied field and irradiation dose) is, as expected, always
monotonic. Conversely, at certain fixed temperatures
and fluences (e.g. B=8 T, T=10 K), the value of J.
at self-field is lower than at 1 T. This is due to the
curvature of vortices at fields lower than the self field
[11].

In addition, for all temperatures and values of applied
field, the critical current has a maximum at the irradi-
ation dose B=8 T, this feature is particularly evident
at low temperature. This could be interpreted as fol-
lows: at low fluences J. is highly enhanced by efficient
vortex pinning from columnar defects. However, at
high doses the defects are closer and closer together
(possibly even overlapping), resulting in a more uni-
form pinning landscape where the pinning potential is

not as deep and steep, and the vortices have a higher
mobility from one pinning site to another. This is also
in agreement with the observation that, as the energy
of the ions increases, the diameter of the columnar de-
fects becomes smaller (which is confirmed in TEM im-
ages [38] ) and the observed peak of J. as a function of
By shifts to higher values [40]. Namely, the B value
at which J. peaks might be directly related to the ra-
tio of columnar defect diameter to average distance of
defects.

5. Discussion and conclusions

In this work, we have highlighted the double role of
columnar defects introduced in IBSs via high energy
heavy ion (1.2 GeV Pb) irradiation as pair break-
ing scattering centers and as vortex pinning centers.
STEM analysis confirmed the production of continuous
columnar defects with a diameter of ~ 3 nm. The den-
sity of such defects is equal to the irradiation fluence
and confirms a 100% yield in the defect production.
CPWR measurements of the critical temperature, sur-
face impedance and London penetration depth demon-
strate the enhancement of pair breaking scattering
events following irradiation. However, the degradation
of T, is quite modest when compared to the cuprate
family (transport measurement on YBagCuzO7_, thin
films irradiated in the same conditions, during the
same irradiation run, show a decrease of T, ~ 5 K
for By ~ 8 T with respect of only 1 K decrease for
Baj_,K,;FesAss). The modifications of Z; and Ap in
the K-doped and P-doped BaFesAss systems are com-
parable although there are some small differences that
could be related to the different chemical substitutions
that intervene in the spacing or in FeAs superconduct-
ing layers, respectively.

MOIF and magnetization measurements allowed us to
discuss the role of columnar defects as pinning centers.
MOIF images confirmed the homogeneity of samples
properties and of defects distribution, and allowed us
to attribute the observed J, modifications to the intro-
duction of columnar defects. The dependence of J. on
irradiation dose and temperature was studied through
magnetization measurements, showing the existence of
an optimal irradiation dose (Bg ~ 8 T) to enhance
the critical current. The value of this optimal dose
might depend on the specific ion-energy combination
employed for the irradiation that results in a specific
size of the introduced columnar defects, and therefore
in the pinning landscape.

This set of information can lead to the choice of proto-
cols for the optimization of the superconducting prop-
erties of iron-based superconducting coated conductors
or tapes, that have already risen a relevant technolgical
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interest in the field of power transport and generation
of strong magnetic fields.
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