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We investigate the effect of ion irradiation on MgB, thin films with small grains of approximately 122 nm and 140 nm.
The flux pinning by grain boundaries is insignificant in the pristine MgB, films due to good inter-grain connectivity, but is
significantly improved after 120-keV Mn—ion irradiation. The scaling behavior of the flux pinning force density for the ion-
irradiated MgB, thin films with nanoscale grains demonstrates the predominance of pinning by grain boundaries, in contrast
to the single-crystalline MgB, films where normal point pinning was dominant after low-energy ion irradiation. These
results suggest that irradiation-induced defects can accumulate near the grain boundaries in metallic MgB; superconductors.

Keywords: MgB, films, grain boundaries, flux pinning, low-energy ion irradiation
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1. Introduction

MgB; has tremendous potential for practical applications
owing to its excellent superconducting properties. For in-
stance, the superconducting critical temperature (7¢) of MgB,
is approximately 40 K, which makes it a promising material
for use in liquid-helium-free apparatus.!!! Its high upper criti-
cal field (H.,) makes MgB, a suitable alternative for commer-
cial superconductors in high-field magnet applications.>]
Moreover, from the aspect of radioactivity, MgB, is one of
the promising materials in neutron irradiation environment,
such as fusion reactor, because of its shorter half-life of the in-
duced activity than Nb-based superconducting alloys. > Grain
boundaries (GBs) in MgB, function as a strong pinning site
owing to its large coherence length (§). In addition, no
weak link behavior across GBs is observed in MgB,, which
is in contrast to the weak link behavior in high-7; cuprate
superconductors.[%! Therefore, a kilometer-long MgB; super-
conducting wire used in real systems can be fabricated using a
simple powder-in-tube technique, thus considerably reducing
the manufacturing cost./”-8]

The high current-carrying capability for superconductors
necessary for practical applications in magnetic field environ-
ment can be achieved by introducing artificial defects.[! Par-

ticle irradiation is a suitable method for producing defects in

fCorresponding author. E-mail: wnkang @skku.edu
#Corresponding author. E-mail: j.liu@impcas.ac.cn
$Corresponding author. E-mail: sgjung@scnu.ac.kr
Corresponding author. E-mail: tp8701 @skku.edu

© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acf5d3

superconducting materials and has been successfully used in
roll-to-roll 80-m long YBa,Cu30;_s coated conductors. 10111
The effect of irradiation on MgB; has been widely studied
since it discovered in 2001.1">) Neutron has been suggested
as a potential irradiating source for MgB, due to the large
thermal neutron capture cross section of the '°B atom (~ 20%
in natural B), which causes defects through the '°B(n, a)’Li
reaction.!!3 The self-shielding effect of the '°B atoms induces
inhomogeneous defects around the surface. However, homo-
geneous damage can be achieved by replacing '°B with !'B
isotope.l1415]

The GBs in metals are known to act as an effective
sink for irradiation-induced defects.!'®! Trradiation-induced
defects, such as vacancies and interstitials, including injected
ions can easily migrate into the GBs because the defect dif-
fusion barrier near GBs is considerably lower than the defect

17181 Moreover, the pro-

diffusion barrier within the grains. !
cess of absorbing irradiation-induced defect clusters around
GBs has also been observed by in sifu transmission electron
microscope.!!>2%1 Hence, the radiation tolerance of nanocrys-
talline materials is larger than that of coarse-grained samples,
which can be improved as the density of GBs increases.?!-??]
of MgB>

it can be assumed that ion irradiation has

the metallic characteristics
23]

Considering

superconductors, [
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a significant influence on grain boundary pinning of MgB,
with small grain sizes. In this study, we irradiated 120-keV
Mn ions on MgB, thin films with nanoscale grain sizes. The
critical current density (J.) of the pristine MgB, samples was
rapidly decreased with the increase in magnetic field owing
to a good inter-grain connectivity. However, the field perfor-
mance of J; of the irradiated films was significantly improved
with the change of the flux pinning mechanism from weak to
strong pinning. The scaling behavior of the flux pinning is
consistent with the dominance of surface pinning in the irra-
diated films, underpinning that GBs in MgB, can act as an
effective sink of irradiation-induced defects.

2. Material and methods

The c-axis-oriented MgB, thin films with grain sizes of
approximately 122 nm and 140 nm were fabricated using a
hybrid physical-chemical vapor deposition (HPCVD) system,
and the details of the fabrication condition and quality of films
were described everywhere.[z“’z(’] The c-cut Al,O3 substrate
of 10 mmx 10 mm in size was placed on the susceptor filled
with 99.99% purity Mg pieces. The carrier gas was H; at a
flow rate of 80 sccm, and the susceptor was heated to 700 °C
in a total pressure of 100 Torr (1 Torr = 1.33322x 107 Pa). Sub-
sequently, 5% B,Hg in Hy gas (20 sccm) was introduced into
the chamber to grow the MgB, thin films. The growth rate of
the films was approximately 2.5 nm/s.

ITon irradiation was performed at the Korea Multi-purpose
Accelerator Complex (KOMAC). The prepared MgB, films
were cut into several pieces for irradiation at each fluence,
and each MgB, film with thicknesses of 250 nm (MB250)
and 430 nm (MB430) were irradiated at room temperature us-
ing Mn ions with a beam energy of 120 keV and fluences of
1x10"3 (1E13), 5x10'3 (5E13), and 1 x10'* (1E14) ions/cm?.
The direction of the incident ions was tilted by 7° from the ¢
axis to minimize the channeling effect. The damage events
produced in the MgB; thin films by 120-keV Mn ions were
determined using the Monte Carlo simulation program, the
stopping and range of ions in matter (SRIM).[>7]

The crystal phases and orientations of the prepared films
were checked by x-ray diffraction (XRD), and average grain
sizes of the films were evaluated by counting the number of
grains in the area through the surface morphology observed by
scanning electron microscopy (SEM). The zero-field-cooled
(ZFC) and field-cooled (FC) dc magnetization (M) as well as
magnetization hysteresis (M—B) loops were measured by us-
ing magnetic property measurement system (MPMS, Quan-
tum Design) equipped with a 5-T superconducting magnet.
The direction of the magnetic field was parallel to the c-axis
direction of the film. The J. value was calculated from the
M-B loops using the Bean critical-state model J. = 15AM /r,
where AM is the width of the M-B loops per volume (in units

of emu/cm?) and  is the radius corresponding to the total area
(8) of the film surface, i.e., § = mr2.[28:29]

3. Results and discussion

The displacements per atom (dpa) produced in the MgB,
by 120-keV Mn—ion irradiation with fluences of 1E13, SE13,
and 1E14 ions/cm? was simulated using the transport of ions
in matter (TRIM) code in the SRIM software, 2730 as shown
in Fig. 1. The inset in Fig. 1 is a schematic diagram of the
MgB, thin film with a thickness of 250 nm (MB250) after
120-keV Mn—ion irradiation, divided into two regions, namely
irradiated and unirradiated regions. The thickness of the irra-
diated region (fp) was determined at the dpa = 0.001 because
this value has an impact on the field performance of J; of
MgB,,3" and the 1p for 1E13, 5E13, and 1E14 Mn ions/cm?
were approximately 136 nm, 160 nm, and 170 nm, as indicated
by the arrows in Fig. 1.
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Fig. 1. Displacements per atom (dpa) as a function of MgB; depth, gen-
erated by 120-keV Mn—ion irradiation with fluences of 1E13, 5E13, and
1E14 ions/cm?. Inset illustrates the schematic view of irradiated and
unirradiated areas in 250-nm-thick MgB, thin film, where the depth of
irradiated region (fp) is determined at 0.001 dpa, as indicated by the red
solid line and arrows.

Figure 2(a) shows XRD pattern of 6—26 scan for pristine
MB250 (MB250-PRI) deposited on c-cut Al,O3 substrate, in-
dicating a highly c-axis orientation. Figure 2(b) is the surface
morphology of MB250 observed by SEM. The estimated av-
erage grain diameter of MB250 was approximately 122 nm.
The magnetic field dependence of critical current density (J;)
of MB250-PRI at 5 K and 20 K is illustrated in Fig. 2(c). A
large self-field J. ~ 19 MA/cm? at 20 K and its rapid reduc-
tion in magnetic field indicate the high quality of the fabricated
films.[32! The self-field J, is lower at 5 K than at 20 K due to
a large flux jump at low fields, as shown in inset of Fig. 2(c),
which is known as a result of thermomagnetic instability. 33!
The flux pinning force density (F},) as a function of the mag-
netic field presented in Fig. 2(d) reflects the high quality of
MB250. Here, Fj, was calculated using the relation F;, = J. X B.
The sharp peak of F,(B) curves at low fields is thought to be
caused by the rapid decrease in J(B) due to the lack of effec-

tive pinning sites. 34!
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Fig. 2. (a) XRD pattern of a 626 scan for MB250-PRI deposited on a c-cut Al,O3 substrate. (b) SEM surface morphology of MB250-PRI
where the average grain diameter is approximately 122 nm. (c¢) Semi-logarithmic J.—B curves at 5 K and 20 K for MB250-PRI. Inset shows the
M-B hysteresis curves at 5 K and 20 K, indicating a presence of large flux jump at 5 K. (d) Magnetic field dependence of volume flux pinning

force density (F;) at 5 K and 20 K for MB250-PRI.
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Fig. 3. (a) Enlarged view of (0002) peak of MB250 before and after
120-keV Mn—ion irradiation. For the sample irradiated with a fluence
of 5x10'3 ions/cm?, the small broad peak near (0002) peak was re-
lated to the remaining unirradiated layer. (b) Changes in c-axis lattice
constant of MB250 films as a function of ion fluence.

The changes in c-axis lattice parameter before and after
irradiation was characterized by XRD. After irradiation, the
(0001) peaks of MB250 shift toward lower angle. For the
sake of clarity, an enlarged view of (0002) peak is shown in

Fig. 3(a). The existence of a broad peak in the sample irra-

diated at a fluence of 5x10'3 ions/cm? is due to the unirra-
diated layer, as shown in schematic diagram of Fig. 1. The
c-axis parameter calculated from (0002) peak of MB250 in-
creases monotonically with increasing ion fluence, as shown in
Fig. 3(b), reaching the increment of about 1.53% compared to
the pristine sample at a maximum fluence of 1x 10'# ions/cm?.

The superconducting transition temperature (7;) of
MB250 was gradually decreased by increasing the amount
of irradiated Mn ions. Figure 4 shows the zero-field-cooled
(ZFC) and field-cooled (FC) dc magnetization (M) at 5 Oe as
a function of temperature for MB250 before and after 120-
keV Mn-ion irradiation with fluences of 1E13, 5E13, and
1E14 ions/cm?. The MB250-PRI shows a 7, of 38.7 K (corre-
sponding to the transition of 10% in ZFC M(T) curve) with a
sharp transition width AT; = 1.8 K determined using the tran-
sition of 90% to 10% of the superconducting diamagnetic sig-
nal in the ZFC M(T) curve, as presented in Fig. 4. The T;
gradually decreased whereas AT increased as the fluence level
increases, and at the highest fluence level of 1E14 ions/cm?, 1.
and AT were 28.2 K and 6.9 K, respectively.

The reduction of 7; by low-energy ion irradiations can
be understood due to the formation of point defects and lat-
tice distortions in MgB,.3>30] The irradiation-induced dis-
order can act as impurity scattering centers, thus enhancing
inter-band scattering and suppressing 7;.[>37-381 In addition,
a decrease in the electron—phonon coupling constant with in-
creasing dpa leads to a suppression of 7. [3%40]

The magnetic field dependence of J. at 5 K and 20 K for
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MB250 before and after 120-keV Mn—ion irradiation is shown
in Figs. 5(a) and 5(b), respectively. The J; at low fields is
decreased gradually with increasing fluence, associated with
a suppression of T, and at both temperatures, the magnitude
of the self-field J. was suppressed by approximately a factor
of 10 at the highest fluence of 1E14 Mn ions/cm?. However,
the field performance of J. was significantly improved after
irradiation. For MB250 irradiated with 1E13 Mn ions/cm?2,
the J. value increased more than 10-fold from approximately
0.02 for the pristine sample to 0.26 MA/cm?® at 5 K and 2.4 T.
Figures 5(c) and 5(d) plot the flux pinning force density (F})
as a function of the magnetic field, calculated from the J;(B)
curves in Figs. 5(a) and 5(b), respectively. For the sample irra-
diated with 1E13 Mn ions/cm?, F, at 5 K and 20 K obviously
increased at high fields larger than B > 1 T, indicating that the
number of effective pinning sites for high fields was increased
by irradiation. The significantly decreased F;, at low fields was
caused by the decrease in J; with the suppression of T after

irradiation.
0 A FC I ; I ‘""W”W”:L'ﬁ:.“:;
n ; .
S e A ;A -
X 0.2 /P oA ¢ L\
c i ° |
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Fig. 4. Temperature dependence of ZFC and FC M at 5 Oe for pristine
(PRI) and 120-keV Mn—ion irradiated MB250, where the M(T') values
were normalized by the absolute ZFC M value at 5 K for comparisons.
Superconducting transition width (AT;) was defined as the difference
between the 10% and 90% transitions of the diamagnetic signal from
the normal state and denoted by the arrows with a red color.
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Fig. 5. Semi-logarithmic J.—B curves at (a) 5 K and (b) 20 K for MB250 be-
fore and after irradiation. The field performance of J; is improved by Mn ion
irradiation, while the J. at low fields decreases gradually as the fluence level
increases. Magnetic field dependence of Fj, is plotted at (¢) 5 K and (d) 20 K.

The scaling behavior of the normalized flux pinning force

density (f, = F,/Fpmax) With respect to the reduced magnetic
field (b = B/Bjy) for irradiated MB250 was studied, where
Fymax is the maximum F, and Bj, is the irreversible mag-
netic field. Since the J. and F}, values of type-II supercon-
ductors approach zero when the magnetic field is equal to
B, if the By, value is not close to B¢y, Bj; is more suitable
for describing the b value to investigate the scaling behav-
ior of flux pinning force.[*!*?l The Bj, value of the pristine
and irradiated MB250 was estimated using the Kramer plot of
JO3BY2 o< (B — B),14344 as described in Figs. 6(a) and 6(b).
Figures 6(c) and 6(d) show the f;, versus b curve for MB250
at 5 K and 20 K, respectively.

In the scaling law of flux pinning force, f,(b) o< b”(1 —
b)4, the peak position of f,(b) together with parameters p
and ¢ is dependent on the characteristics of the dominant pin-
ning source of superconducting samples./**#1 According to
Dew—Hughes (DH) model, the f,(b) peak is located at b = 0.2
(p = 0.5 and g = 2) for surface pinning and b =0.33 (p =1
and ¢ = 2) for normal point pinning, as shown in Fig. 6(c).[4¢]
The f,(b) curves for MB250-PRI cannot be explained by any
pinning models, to the best of our knowledge, because of
the low density of effective pinning centers, as discussed in
Fig. 2(d). However, the flux pinning mechanism of the irra-
diated MB250 samples showed the predominance of surface
pinning. In contrast, since low-energy ion irradiation primarily
produces homogeneously distributed point defects caused by
nuclear stopping of energetic ions, as depicted in the inset of
Fig. 6(d),[*”! in general, single-crystalline MgB; films showed
the dominance of normal point pinning after low-energy ion
irradiation, (48491

The effect of GBs on the irradiation-induced defects in
the relatively thicker MgB, films with a thickness of 430 nm
(MB430) was additionally studied in comparison with the
thickness of the irradiated regions. The XRD results of the
MB430 are shown in Fig. 7(a). The (0002) peak clearly split-
ting into two peaks for the fluence level > 1 x 10'3 ions/cm?
due to the presence of thicker unirradiated layer compared to
MB250. The c-axis lattice parameter corresponding to the
2nd peak (irradiated layer) increases with increasing fluence,
whereas that of the 1st peak (unirradiated layer) in MB430 is
hardly changed, as shown in Fig. 7(b). Figures 7(c) and 7(d)
show the magnetic field dependence of J. for MB430 at 5 K
and 20 K, respectively, and the inset in Fig. 7(d) is a top SEM
view of MB430, indicating small grains with an average size
of approximately 140 nm. The improvement in the field per-
formance of J; for the irradiated MB430 showed similar fea-
ture to that in case of the irradiated MB250, whereas the de-
crease in J; at low fields was comparatively small. The small
decrease in low-field J.. for irradiated MB430 can be thought
to be due to the giant proximity effect between the irradiated

and unirradiated layers. 3011

127402-4



Chin. Phys. B 32, 127402 (2023)

Jg.SBO.ZS (A0'5T0'25/Cm)

—u— PRI 1
—eo— 1E13
—A— 5E13 A
—x— 1E14

Fp/F ,max

fp:

—eo— 1E13
—A— 5E13

NS
% 1E14  fpoeb®3(1—b)? "~a

0
0 0.2 0.4

b= B/Bi

0.6

0.8

1.0

2000

—
93]
o
o

—_
o
o
o

5001

J8.5B0.25 (A0.5T0.25/Cm)

21 —o— 1E13
, —A— 5E13 A
—%— 1E14

b) MB250-20 K —o— PRI

1.0

£

£ 0.8

i@ 0.6

&

Il 0.4 ¢

& {
02F —a-5E13 “oN
o b 1B14 foocb®3(1-b)2

0 02 04 0.6 08 1.0
b:B/Birlr

Fig. 6. Kramer plots for pristine and 120-keV Mn—ion-irradiated MB250 at (a) 5 K and (b) 20 K to evaluate irreversible field (Bj;) indicated by
arrows. Normalized flux pinning force density (f,) with respect to reduced magnetic field (b) at (c) 5 K and (d) 20 K for pristine and 120-keV
Mn-ion-irradiated MB250. The red solid line and the red dashed line represent the fitting curves for surface pinning and normal point pinning,
respectively. Inset of Fig. 5(d) illustrates the schematic view of the distribution of irradiation-induced defects in single crystals and the films

with small grains.

(a) MB430 1st peak
,@ 2nd peak
=]
]
&
—
R
>
b1
2]
z |
[}
g
A=
50.5 51.0 51.5 52.0 525 53.
20 ()
(c) MB430-5 K = PRI
10! e 1E13 1
= v 5E13
a ] o 1E14 ]
g 10° s L2
= Taty
3 1071 = e, 3
o n 'V °
> 102+ ° 1
. *
° [ ]
10*3 T T A 4 .
0 1 2 3
B (T)

= 3.60

5 2nd peak

= -7 <

£ 3.581 “ 1
g

g

5 3.567 1
2

[} Irradiated part

E 3.541 B Unirradiated part T
ke

z 3521 § . el v
é 1st peak

° 0 1E13 5E13  1E14

Fluence (Mn ions/cm?)

{ (d) MB430-20 K
101 3

100

1071.

Je (MA/cm?)

10723

103

B (T)

Fig. 7. (a) XRD patterns of MB430 around the (0002) peak of MgB,. (b) Variation of c-axis lattice constant of MB430 with fluence. (c)—
(d) Magnetic field dependence of critical current density (J.) at (¢c) 5 K and (d) 20 K for 430-nm-thick MgB, films (MB430) before and after
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The Kramer plots for MB430 at 5 K and 20 K are shown in Figs. 8(a) and 8(b), respectively, and the By, for each sample was
indicated by arrows. Figures 8(c) and 8(d) show normalized flux pinning force as a function of the reduced magnetic field for
MB430 at 5 K and 20 K, respectively. The f;,() at high fields for » > 0.2 and at 5 K overlapped accurately with surface pinning.
Although the f,(b) curve exhibits a slight deviation at 20 K, the flux pinning by GBs is still effective even when the thickness

127402-5

of MgB, films is relatively larger than that of the irradiated layer 7p. These results further support the improvement of the flux
pinning effect by GBs in MgB, thin films after irradiation. The sharp peak in the f;,(b) curve at low fields was almost suppressed
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in the irradiated MB250, as shown in Fig. 6, indicating that the residual sharp peak of f;,(b) at low fields in the irradiated MB430
is associated with the unirradiated region. Our findings can provide useful information for designing radiation resistant MgB,

because grain boundaries in metallic MgB, superconductors can be acted as an effective sink of irradiation-induced defects, thus

irradiation tolerance of MgB, can be enhanced by decreasing grain size.
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Fig. 8. Kramer plots for pristine and 120-keV Mn—ion-irradiated MB430 at (a) 5 K and (b) 20 K. Here, B is indicated by arrows. Scaling
behavior of the flux pinning force for MB430 at (c) 5 K and (d) 20 K indicates that the effect of surface pinning is enhanced significantly after

ion irradiation.

4. Conclusions

In summary, we observed that the pinning effect by
GBs in MgB; thin films can be improved by ion irradiation.
The MgB; thin films with nanoscale grains of approximately
122 nm and 140 nm were irradiated with 120-keV Mn ions
leading to a significant increase in the field performance of J.
for all films as compared with that of J; for pristine films. Al-
though the GBs of pristine films were not effective for flux
pinning, the scaling behavior of the flux pinning force showed
that the surface pinning, i.e., grain boundary pinning, became
dominant after ion irradiation. These findings underpin that
MgB, superconductors with small grains can be a good can-
didate for application in irradiation environments, such as nu-

clear fusion reactor.
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