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Abstract
We have investigated the normal-state and superconducting properties of Co-doped BaFe2As2
(Ba122) and MgB2 thin films irradiated at room temperature using a 30 keV focused He+ ion beam
with doses between 1012 and 1017 cm2. We show that superconductivity is suppressed and the
normal-state resistivity is increased upon irradiation. The critical dose for the complete suppression of
superconductivity is ∼5×1014 cm−2 for Ba122 and ∼8×1015 cm−2 for MgB2. The dependence
of the normal-state and superconducting properties on irradiation dose is discussed, taking into
account the spatial distribution of ion-induced damage. Hillock formation due to the substrate
swelling, arising from the He+ ions stopped in the substrate, is also observed. The findings provide
guidelines for exploiting focused He+ ion beam irradiation in fabricating iron pnictide and MgB2

planar Josephson junctions.

Keywords: focused helium ion beam, ion-induced damage, superconductivity, MgB2, Co-doped
BaFe2As2

(Some figures may appear in colour only in the online journal)

1. Introduction

The Josephson effect in superconductors has been exploited in
many analog and digital applications including super-
conducting quantum interference devices (SQUIDs), rapid
single flux quantum (RSFQ) logic circuits, and Josephson
voltage standards [1]. Developing a fabrication process capable
of producing a large number of Josephson junctions uniformly

and reproducibly is crucial for using any superconductor
materials, including the iron-based superconductors (FeSCs)
and MgB2. The most immediately obvious property of MgB2

which make it an ideal material for use in superconducting
devices is the high critical temperature (Tc) of 40K which
result in device operating temperature to be above 20K. In
addition, small penetration depth and multigap nature of MgB2

are beneficial in SQUID and RSFQ application. In the case of
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FeSCs, while ongoing effort to lay down the underlying
mechanism for superconductivity continues, studying the
Josephson effect could also provide a phase-sensitive mea-
surement to reveal the symmetry of the superconducting order
parameter, a fundamental question about the pnictide super-
conductors still not fully understood [2]. Besides, 122 com-
pounds have small anisotropy and relatively high-Tc opening
the way for possible application. In spite of pioneer works on
Josephson junctions and SQUID device using grain boundaries
[3, 4] and heterojunctions [5, 6] of 122 family, achieving
reproducible high-quality JJs remains a challenge.

To create a Josephson barrier in MgB2, a focused ion beam
(FIB) has been used to either create a microbridge on a super-
conducting film or remove the material in a narrow gap on the
film until only a very thin layer remains, thus forming a weak
link barrier for Josephson junctions [7–9]. Sputtering of the
superconductor by the ion beam is involved in this approach,
and relatively heavy ions like gallium are usually used. How-
ever, this approach is prone to degradation of the super-
conductor/barrier interface, and it is difficult to reproducibly
control the dimensions of the microbridge or the layer thickness
in the gap. Another approach to fabricate Josephson junctions
with FIB is direct writing without bulk sputtering of the material.
Here, the FIB locally weakens or destroys the superconducting
properties of the film to create a junction barrier. The effects of
ion irradiation on the properties of various superconductors have
been well documented, for example, in cuprates [10], iron-based
pnictide superconductors [11], and MgB2 [12, 13]. In a
Josephson junction, the two superconductor films must be
separated by only about a coherence length in order to achieve
interference of the superconducting order parameters in the two
superconductors. Heavy ions like gallium, with a FIB spot size
of 5 nm, cannot be used to define a narrow junction barrier for
superconductors with short coherence lengths. In contrast, the
helium ion microscope (HIM) creates a beam of light He+ ions
and can deliver a focused beam with a diameter of less than
0.5 nm, comparable to the short coherence lengths in high-
temperature cuprate superconductors and iron-based pnictides.
Nano Josephson tunnel junctions in YBa2Cu3O7 by using the
focused helium ion beam have been successfully demonstrated
[14, 15]. The short coherence length of ∼2.5 nm of
BaFe1.84Co0.16As2 (Co-doped Ba122) [16] also demands a
narrow barrier region to permit Josephson coupling, making the
direct writing with a focused He+ ion beam a promising path for
fabricating pnictide Josephson junctions.

To fabricate Ba122 and MgB2 Josephson junctions with
a focused He+ ion beam, one needs to understand the irra-
diation effects on both the normal-state and the super-
conducting properties of these materials. This information has
not been reported to date. The most relevant results are on

200 keV proton irradiation of Ba122 films [17] and on 2MeV
4He++ ion irradiation of MgB2 films [18]. A FIB was not
used in these studies. In both works, although the transition
temperature Tc was found to decrease upon irradiation,
complete suppression of superconductivity was not found up
to the highest dose used. In this paper, we report on the
modification of the normal-state resistivity and super-
conducting transition temperature of Co-doped Ba122 and
MgB2 thin films by 30 keV focused He+ ion beam irradiation.
In both cases, complete suppression of Tc was observed. The
systematic changes in Tc and resistivity provide guidelines for
using a focused He+ ion beam to fabricate planar Ba122 and
MgB2 Josephson junctions.

2. Experimental details

Epitaxial thin films of optimally doped Ba122 were grown by
pulsed laser deposition on 5mm×5mm (001) (La, Sr)(Al,
Ta)O3 (LSAT) substrates at 730 °C [19]. The film thickness was
50 nm and exhibited zero-resistance at Tc ∼17.9 K. A 20-nm
protective Au layer was deposited in situ on the film at 200 °C.
40 nm thick MgB2 films on 6mm×6mm (0001) SiC substrates
were grown by using hybrid physical-chemical deposition, as
described elsewhere [20]. The as-grown films were immediately
transferred to a DC magnetron sputtering chamber where a
bilayer of Cr/Au (5 nm/20 nm) was sputtered on the films for
protection during processing. Standard UV lithography and Ar
ion milling were used to pattern a 4 or 5 μm wide bridge on the
films. Subsequently, a 300 nm thick Au film was sputter-coated
on the contact pads, and the Au (Cr/Au) on top of the Ba122
(MgB2) bridge was removed by Ar ion milling. The entire
sample was passivated with a 7 nm SiO2 (by RF magnetron
sputtering) in Ba122 and 7 nm MgO (by reactive DC magnetron
sputtering of Mg target in an Ar/O2 mixture) in MgB2 (see
table 1).

Focused He+ ion beam irradiation was conducted at
room temperature using a Zeiss Orion Plus HIM with a
30 keV He+ beam with a ∼0.5 nm spot size. The beam was
perpendicular to the plane of the film; thus the possibility of
channeling through the crystal cannot be excluded. Transport
of ions in matter (TRIM) computer code [21] was used to
simulate the interactions of the He+ ions in the film/substrate
geometry. Figure 1(a) shows the resulting distribution of
30 keV He+ ion range in a 7 nm SiO2/50 nm Ba122/LSAT
substrate sample. The thickness of the Ba122 film was chosen
to be much smaller than the range of the He+ ions, which
therefore nearly completely penetrate the film into the sub-
strate. The same consideration was taken into account in
choosing the thickness of the MgB2 film.

Table 1. Characteristics of the Co-doped Ba122 and MgB2 thin films.

Substrate Growth technique Critical temperature Film thickness Passivation layer Passivation thickness

Co-doped Ba122 LSAT (001) PLD ∼17.9 K 50 nm SiO2 7 nm
MgB2 SiC (0001) HPCVD ∼40 K 40 nm MgO 7 nm
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To characterize the damage caused by the helium ion beam
in the MgB2 thin film, transmission electron microscope (TEM)
measurements were performed using a JEOL JEM-2100
microscope operated at 200 kV. The sample was a 25 nm thick
MgB2 film/10 nm MgO passivation layer with a patterned
4μm×10μm bridge, across which 4 single-pixel-width lines
were irradiated with the focused helium ion beam at 4 different
doses—8×1015, 2×1016, 6×1016, and 5×1017 cm−2. To
avoid cross-line dosing between adjacent lines [22], they were
separated by 1.5 μm distance. The cross-sectional TEM sample
was prepared using a Dual Beam FIB-SEM (FEI Strata DB235).

For measuring the irradiation effects on Tc and the normal-
state resistance, we rastered the He+ beam to irradiate multiple
tracks over a length of 1 μm or 5μm in a 10 μm long bridge.
The geometry of the bridge and the irradiated area are illustrated
in figure 1(b). The blowup of an irradiated area shows that, at a
100 μm field of view (FOV), the pixel size is 1.96 nm×
1.96 nm, larger than the beam spot. The He+ ion beam moved
from the center of one pixel to the next, delivering the needed
dose at each center spot. Figures 1(c) and (d) shows the simu-
lated damage profile of three adjacent tracks caused by the He+

ion irradiation in three beam spots, with 1.96 nm pixel spacing,

penetrating the SiO2/Ba122 and MgO/MgB2 film, respectively.
Although the lateral spreading of the damaged regions quickly
exceeds the beam spot size after the ions enter the film, over-
lapping over the entire irradiated area, the damage is not laterally
uniform in the top part of the samples. Note that every single
track is based on the simulation of 100k ions.

Electrical transport measurements over the bridges were
performed by the four-point method. The total resistance, Rtot,
of the bridge can be modeled by three resistors in series,
Rtot=R1+R2+R3, where R2 represents the resistance of
the area irradiated by the ion beam and R1 and R3 are con-
tributions from the unirradiated areas. The results for different
irradiation doses were obtained from different bridges on the
same sample or from different samples.

3. Results and discussions

3.1. Helium ion-induced damage in MgB2 thin film

Figures 2(a)–(d) show cross-sectional bright field (BF) TEM
images of irradiated regions of four beam spots with doses of

Figure 1. (a) TRIM simulation of the range of 30 keV He+ ions in a 7 nm SiO2/50 nm Ba122/LSAT sample. (b) Schematic of the sample
with a 4 μm×10 μm bridge. The blue area represents the pristine film. The focused He+ ion beam was rastered over the red rectangle. The
blowup of the irradiated area shows the raster pattern of the focused He+ ion beam. The white dashed lines are guide to eye, showing a pixel
size of 1.96 nm×1.96 nm at the 100 nm FOV (c) TRIM simulation of the damage density profile for three adjacent single tracks of He+ in
the SiO2/Ba122 sample at 5×1014 cm−2 (d) TRIM simulation of the damage density profile for three adjacent single tracks of He+ in the
MgO/MgB2 sample at 8×1015 cm−2.
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8×1015, 2×1016, 6×1016, and 5×1017 cm−2, respec-
tively. While the damage is not visible in the MgB2 film, it
can be observed in the SiC substrate. At the two lowest doses,
different contrasts in the irradiated regions in the substrate can
be seen (figures 2(a) and (b)). At a dose of 6×1016 cm−2, an
amorphized region in the substrate is clearly visible
(figure 2(c)). For the dose of 5×1017 cm−2, the amorphous
region in the substrate grows through the depth of the sample
as well as laterally, as the damage produced by the ion beam
also reaches the damage threshold to be visible (figure 2(d)).
From figure 3, we find that the diameter of the amorphous
region at the MgB2/SiC interface is ∼10 nm for
6×1016 cm−2 and ∼30 nm for 5×1017 cm−2.

The amorphized region in the substrate observed in
figure 2(d) is qualitatively consistent with the TRIM simula-
tion. A quantitative one-to-one correspondence to the region
where superconductivity is completely suppressed by ion
irradiation is difficult to extract from these data, as the
damage may be annealed during the electron microscope

measurement. We have observed such annealing effects in the
low-dose samples. Nevertheless, we can conclude from the
results that the region damaged by the He ion irradiation
spreads much wider than the focused beam size when the ions
travel deep into the film. The TRIM results in figures 1(c) and
(d) provide a good guideline when we consider the irradiation
effects on transport and superconducting properties of the
superconductor films.

3.2. Co-doped Ba122

Figure 4(a) shows electrical resistance versus temperature of
four bridges on a Ba122 film, three of which were irradiated
with different He+ ion doses. At a dose of 2×1014 cm−2, a
second transition with a lower transition temperature of 7.7 K
and a residual resistance of 9.2 Ω appears, that correspond to
the properties of the irradiated area. We denote the transition
temperature of the irradiated region as ¢T ,c and the resistance
above ¢Tc as R2, schematically shown in figure 1(b). The
properties of the unirradiated area remain unchanged, with an
original transition temperature Tc of 17.9 K. At a dose of
1×1015 cm−2, the superconductivity in the irradiated area
has been completely suppressed, and no zero resistance
region is observed down to the lowest temperature measured.
Further irradiation results in an additional increase in the
resistivity of the irradiated area.

The transition temperature of the irradiated region nor-
malized to that of the unirradiated region, /¢T Tc c is plotted
against the He+ ion dose in figure 4(b). The data points were
collected from multiple bridges and multiple samples and the
midpoint of the higher-temperature transition taken as Tc.
Therefore, a normalization to the unirradiated Tc was neces-
sary to make the data comparable. ¢Tc decreases with
increasing irradiation dose, and superconductivity is com-
pletely suppressed at a critical dose of 5×1014 cm−2.
Figure 4(c) shows TRIM simulation for vacancy concentra-
tions for As, Ba, and Fe, as well as total vacancy con-
centration produced by this dose of He+ ions as a function of
depth from the sample surface. Below the surface, this

Figure 2. Complete series of BF TEM micrographs of thin film of (10 nmMgO/ 25 nm MgB2/on SiC substrate) irradiated by a 30 keV He+

ion beam with increasing doses. The dose values on each micrograph are in ions cm−2.

Figure 3. TEM micrographs of the thin film of 10 nmMgO/ 25 nm
MgB2/on SiC substrate irradiated with a helium ion dose of
(a) 6×1016 cm−2, (b) 5×1017 cm−2.

4
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concentration is higher than seen in figure 1(c) because of
overlapping profiles of many pixels. Near the film surface, the
damage regions from the adjacent pixels do not overlap, and
the vacancy concentration results are not reliable. At depths
greater than 20 nm, the total vacancy concentration is of the
order 1021/cm3, increasing gradually towards the film/sub-
strate interface. This is a very high vacancy concentration,

about 2% of all atoms. It is possible that the top layer of the
films, where the damaged regions from the adjacent beam
spots do not overlap, retains a continuous superconducting
path until a much higher dose when superconductivity in the
outermost area is suppressed. This implies that the measured
critical dose indicated in figure 4(b) is an upper limit to the
critical dose in ideally uniform irradiation conditions. In
the 200 keV proton irradiation experiment reported in [17],
the highest dose, 1.8×1015 cm−2, created a vacancy con-
centration of the order 1020/cm3, but complete suppression of
Tc was not achieved. Combined with optical conductivity
measurement, Schilling et al suggested that proton irradia-
tion-induced disorder causes a closing and reopening of the
superconducting gap on one of the Fermi surface sheets,
accompanied by a sign change, thus changing the order
parameter symmetry from s± to s++ [17]. This explanation,
however, needs to be reconciled with the complete suppres-
sion of superconductivity reported in this work.

Also plotted in figure 4(b) is the residual resistivity r ,0
calculated using the nominal area of the irradiated region. The
residual resistivity of the unirradiated Ba122 films is around
100 μΩ cm. Upon He+ ion irradiation, the resistivity dips
below the unirradiated value at doses less than the critical
dose, then monotonically increases to about 1000 μΩ cm at
around 1017 cm−2, followed by a sharp upturn at higher
doses. The behavior of ¢Tc and r0 shown in figure 4(b) is
similar to that observed in YBa2Cu3O7−δ films irradiated with
75 keV He+ ions, although the critical dose is six times lower
for Ba122 than for YBa2Cu3O7–δ (3×1015 cm−2) [23]. The
wide range of irradiation doses between the disappearance of
superconductivity and the rapid increase in the resistivity
provides a tool to tune the properties of planar super-
conductor/normal metal/superconductor (SNS) in Ba122
using a focused He+ ion beam.

3.3. MgB2

Figure 5(a) shows the electrical resistance as a function of
temperature for four bridges on an MgB2 film, three of which
were irradiated with different He+ ion doses. Similar to the
overall trend in Ba122, ¢Tc decreases and resistivity increases
when MgB2 is irradiated. However, the superconducting
transition of the irradiated area persists to much higher irra-
diation doses than in Ba122: only when irradiated with close
to 1016 cm−2 He+ ions is the superconductivity completely
suppressed in the MgB2 film. In figure 5(b), /¢T Tc c and r0 are
plotted as functions of the He ion irradiation dose. A critical
dose of 8×1015 cm−2 for suppressing superconductivity is
observed. Again, this dose may correspond to the value when
the continuous superconducting path is completely destroyed
in the top layer of the films, where the damaged regions from
the adjacent beam spots do not overlap. It represents, as in the
Ba122 case, an upper limit on the dose necessary to suppress
superconductivity. Figure 5(c) TRIM simulation for vacancy
concentrations in Mg, and B, as well as total vacancy con-
centration produced by 8×1015 cm−2 He+ ion dose as a
function of depth from the sample surface. The total vacancy
concentration at depths greater than 20 nm is of the order

Figure 4. (a) Resistance versus temperature curves for four Ba122
bridges irradiated at different doses. The inset shows details near the
superconducting transition. (b) Normalized critical temperature
/¢T Tc c and residual resistivity ρ0 of the irradiated region as functions

of He+ ion dose. Horizontal dashed line was drawn at the zero-dose
resistivity. (c) Vacancy concentration for SiO2/Ba122/LSAT
configuration at dose 5×1014 cm−2 obtained from TRIM
simulation.
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1022/cm3, and it increases slightly towards the film/substrate
interface. This is a very high vacancy concentration, about
10% of all atoms, much higher than that produced by
1.3×1017 cm−2 2 MeV 4He++ ions irradiation (0.2×
1022/cm3), reported in [12], where no complete Tc suppres-
sion was observed. As mentioned above the TRIM results do
not take into account channeling effects which can strongly
modify/reduce defect creation. Such damage estimates

therefore might be high by as much as a factor of 10! The lack
of complete Tc suppression in [12] may also be due to the
high energy of the He+ ions that generates an even lower
concentration of vacancies near the film surface that could
short out the more disordered part of the film. Unlike Ba122,
for which resistivity increases only moderately when the
superconductivity is suppressed, the resistivity of the irra-
diated MgB2 has increased by 65 times at the critical dose.
However, because the residual resistivity of the unirradiated
MgB2 film is low, about 2 μΩ cm, even after a nearly
100 times increase at an irradiation dose of 1017 cm−2, it is
still relatively low and the film maintains a metallic behavior.
Thus, we expect planar Josephson junctions of MgB2 made
by focused He+ ion beam irradiation to be SNS in nat-
ure [24, 25].

3.4. Hillock formation

It is known that when irradiated with low-mass accelerated
ions, swelling occurs in the crystalline substrate [26–29]. The
cavity (bubble) formation has been linked to the mechanical
properties of the target material [30]. This effect needs to be
taken into account in considering the influence of focused
He+ ion beam irradiation on the properties of the pnictide and
MgB2 bridges. Figure 6(a) shows an atomic force microscope
(AFM) image of a multiple-track irradiation at a He+ ion dose
of 3×1016 cm−2 in which the irradiated area is elevated
from the unirradiated area, clearly indicating hillock forma-
tion. The hillock was confirmed by a line scan along the blue
line in the figure and shown below the AFM image. A nearly
flat-topped hillock across the 5 μm irradiated length with a
height of around 27 nm was observed at this dose for the
Ba122 film on LSAT substrate. For fabricating Josephson
junctions with a single pixel line of focused He+ ion beam
irradiation, the hillock of a single track is the most relevant.
An AFM image of a single-track irradiated Ba122 bridge and
a line scan across the track are shown in figure 6(b). For a
He+ ion dose of 4×1017 cm−2, a hillock with a width of
∼500 nm and a height of ∼28 nm is seen in the figure. Similar
hillocks for multiple-track and single-track irradiation have
been observed in MgB2 bridges on the SiC substrate. The
width of the single-track hillock is about 1000 times larger
than the ion beam spot. As shown in figure 1(a), the He ions
stop deep inside the substrate and spread out to over a region
with a ∼300 nm diameter. Density change of material due to
amorphization, and to a lesser extent, buried He+ ions are
responsible for the swelling of the substrate.

Figure 7 shows the hillock height as a function of He+

ion dose for multiple-track and single-track irradiation on
both Ba122 and MgB2 bridges as well as on the bare LSAT
and SiC substrates. In all cases, the hillock heights on the
bridges are the same as on the bare substrates, confirming that
the hillock formation is due to the swelling of the substrate
[31]. The figure also shows that the swelling in SiC occurs at
much lower doses than in LSAT, although the increase of the
hillock height with irradiation dose is much slower. Single-
track irradiation requires an order of magnitude more dose to
generate hillocks of comparable height than the multiple-track

Figure 5. (a) Resistance versus temperature measurement for four
MgB2 bridges irradiated at difference doses. (b) Normalized critical
temperature /¢T Tc c and residual resistivity ρ0 of the irradiated region
as functions of the He+ ion dose. Horizontal dashed line was drawn
at the zero-dose resistivity. (c) Vacancy concentration for MgO/
MgB2/SiC configuration at dose 8×1015 cm−2 obtained from
TRIM simulation.
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irradiation, presumably because it is easier for the He ions to
diffuse to the surrounding volume than in the case of multi-
ple-track irradiation.

There does not seem to be a clear correlation between the
suppression of superconductivity and hillock formation. In

the case of Ba122, superconductivity is suppressed before the
irradiation dose at which substantial hillock formation occurs.
For MgB2, the hillock height does not change significantly
around the critical dose. On the other hand, the hillock height
does seem to be responsible for the upturn of residual resis-
tivity of the Ba122 bridges. Above the dose where the upturn
takes place, around 1017 cm−2, the hillock height exceeds the
Ba122 film thickness, creating steps at the edges of the irra-
diated region and leading to insulating behavior of the bridge
resistivity below Tc (not shown). We cannot distinguish
whether the insulating properties at such high doses are due to
the hillock edges or are intrinsic to the heavily irradiated film.

3.5. Nature of defects produced by 30 keV He+ irradiation

The nearly rigid vertical shift in the ( )r T curves as a function
of dose in figures 4(a) and 5(a) implies that irradiation
increases impurity scattering, leaving the carrier concentration
unchanged. Disorder has been proposed as a probe of order
parameter symmetry in a two-band superconductor like
Ba122 since complete suppression of superconductivity at
relatively low levels of disorder suggesting that impurity
scattering is pair-breaking, as would only occur in scattering
between bands of opposite signs e.g. in the case of s± order

Figure 6. AFM images and line scans for (a) a multiple-track irradiated Ba122 bridge with a helium ion dose of 3×1016 cm−2 and (b) a
single-track irradiated Ba122 bridge with a helium ion dose of 4×1017 cm−2. The line scans are along the blue lines in the AFM images.

Figure 7. Hillock height as a function of He+ ion dose.
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parameter symmetry [32]. A quantitative treatment of Tc
suppression versus impurity scattering rate requires knowl-
edge of the ratio of intra- to interband scattering rates [33],
which becomes a free parameter when fitting the experimental
data within the Abrikosov–Gor’kov theory [34]. For point-
like defects that occur under electron irradiation of Ru-sub-
stituted Ba122, complete suppression of Tc would be
observed for a change in residual resistivity r » 400 μΩ cm,
yielding a ratio of 0.65 for the scattering rates [35]. In com-
parison, a-particle irradiation is not typically expected to
produce point-like defects though there is some evidence that
this can also be the case [17]. For irradiation with 30 keV He+

ions, a closer analysis of the data in figure 4(b) show that in
these experiments complete suppression of Tc occurs around
r » 200 μΩ cm. Assuming the same considerations as those
in [35], the data presented here indicates a scattering ratio
closer to 1. We note that this is most likely an overestimate
since our resistivity data is likely underestimated due to the
nonuniformity of the displacement densities mentioned earlier
and shown in figure 1(c). Nevertheless, these estimates are
reasonable and offer additional support for s± over s++

symmetry. Further investigation of this approach to study Tc
suppression would require improving the uniformity of irra-
diation-induced displacements, in principle possible with the
HIM used here.

4. Conclusions

Focused He+ ion beam irradiation is shown to completely
suppress superconductivity in Ba122 and MgB2 thin films.
The critical dose required to suppress superconductivity is
∼5×1014 cm−2 for Ba122 and ∼8×1015 cm−2 for MgB2,
corresponding to large vacancy concentrations in the films. In
the case of Ba122, the normal-state resistivity experiences
large increases above the critical dose and becomes insulating
when hillock height exceeds the film thickness. In contrast,
even with increases of 100 times at high irradiation dose,
MgB2 maintains a metallic behavior with low resistivity. In
either case, the focused He+ ion beam process is suitable for
creating planar SNS junctions. It should be noted that the
irradiation-induced disorder spreads out beyond the focused
ion spot size in the depth of the film as shown in figures 1(c),
(d). Thus, in fabricating a Josephson junction with a focused
He+ ion beam, one should minimize the thickness of the film
so that the damaged area remains narrow enough for the
interference of the order parameter to take place. It should
also be noted that when irradiating multiple-tracks, the
damage density throughout film might not be uniform as there
may be a layer near the first interface where the damaged
regions do not overlap. Also, the specific values of the irra-
diation doses for suppression of superconductivity and
increase of resistivity presented here are for the multiple-track
irradiation and may differ from those in the single-track
irradiation. Nevertheless, the results are useful to guide the
development of a focused He+ ion beam technology for
fabricating iron pnictide and MgB2 planar Josephson junc-
tions. Indeed, MgB2 Josephson junctions have been produced

by focused He+ ion beam irradiation with single-track irra-
diation with doses of 9×1015 cm−2 and 2×1016 cm−2 [24],
close to the critical dose of MgB2. The complete suppression
of superconductivity in Ba122 by irradiation also sets con-
straints for theoretical models on the disorder-induced change
of order parameter symmetry in Ba122 from s± to s++ [17].
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