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ABSTRACT

Effects of Ni-ion irradiation on the structural and flux-pinning properties of MgB2 films were investigated with particular importance on
the role of Raman spectroscopy. MgB2 films (∼400 nm thick) were fabricated on c-cut Al2O3 substrates using a hybrid physicochemical
vapor deposition technique and irradiated with 1MeV Ni ions at doses ranging from 3 × 1013 to 9 × 1013 ions/cm2. X-ray diffraction (XRD)
and Raman spectroscopy were examined to characterize the crystallinity and electron–phonon coupling (EPC) in the films, while magnetization
measurements provided insights into the superconducting properties. The XRD results confirmed that all films were highly c-axis oriented, and
the c-axis lattice constant slightly increased with increased Ni-ion dose. Raman spectra revealed significant changes in the E2g phonon mode,
including shifts in peak positions and broadened FWHM (full-width at half-maximum), indicative of EPC degradation and the introduction of
lattice disorder at an atomic scale. The decrease in the critical temperature (Tc) with increasing Ni-ion dose was correlated with these spectro-
scopic changes. The self-field critical current density (Jc) of the pristine MgB2 film was well maintained to be 4 × 106 A/cm2 at 20 K. Above the
field of ∼2.5 T, the Jc was observed to clearly enhance and reach a maximum at a Ni-ion dose of 5 × 10¹³ ions/cm2, and Jc was maintained
∼103 A/cm2 at the field of ∼3.7 T. The observations might reveal the dominance of core point pinning, which resulted from the Ni-ion
irradiation.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0285394

I. INTRODUCTION

MgB2 superconductors were discovered in 2001.1 They
exhibit a superconducting transition temperature (Tc) of approxi-
mately 39 K, opening extensive research into superconductivity
and its applications2–4 The advantages of MgB2 include its simple

hexagonal crystal structure, a relatively large coherence length
ξab(0) of around 8.5 nm,5 high critical current density (Jc), and
high upper critical field (Hc2). Additionally, MgB2 is a lightweight
and cost-effective material, making it attractive for power-related
applications, such as superconducting power cables, grid-scale fault
current limiters, and energy-efficient transformers in modern
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electrical grids. However, the critical current density drops signifi-
cantly under applied magnetic fields due to weak flux pinning.
To mitigate this issue, various ion irradiation techniques have been
employed to introduce controlled defects into MgB2 thin films.
For instance, Sn2+ ion irradiation has been shown to significantly
enhance in-field Jc and Hc2, despite a slight decrease in Tc.

6

Similarly, carbon-ion irradiation introduces defects through nuclear
stopping, resulting in c-axis lattice expansion and increased residual
resistivity, both of which correlate with improved Hc2 and in-field Jc.

7

Numerous studies have aimed to enhance Jc by analyzing vortex-
pinning mechanisms, which include point pinning, surface pinning,
and Δκ pinning. Each mechanism contributes differently depending
on the applied magnetic field: surface pinning is more effective at
low fields, while point and Δκ pinning dominate at higher fields.8

Homogeneous distribution of pinning centers throughout the
superconducting matrix is particularly effective in enhancing Jc.
Efforts to improve flux pinning in MgB2 films through non-magnetic
ion irradiation, such as proton,9 neutron,10 oxygen,11–13 tin,8

helium,14 and carbon15 ions, have generally produced positive
results, with enhanced Jc and dominance of point-like pinning
confirmed. More recently, research attention has shifted toward
the use of magnetic ions. While Fe-ion irradiation has been
performed on MgB2 films,16,17 those studies primarily focused
on local structure and optical properties rather than directly on
flux-pinning behavior. Thus, the effect of magnetic-ion irradiation
on flux-pinning properties remains relatively unexplored.

In this study, the irradiation of MgB2 films with Ni ions inves-
tigates how defects and lattice distortions affect the structure of
material and superconducting properties. Ni-ion irradiation causes
lattice expansion and significant degradation of crystallinity, as
shown by broadening of XRD peaks and increased tensile strain
confirmed by Williamson–Hall analysis. While the critical tempera-
ture (Tc) decreases notably with increasing ion dose and electron–
phonon coupling weakens, flux pinning is importantly enhanced.
Raman spectroscopy reveals shifts in phonon modes consistent
with increased lattice disorder. The critical current density (Jc)
improves significantly in high magnetic fields for intermediate
irradiation doses, corresponding with a transition to stronger,
defect-driven pinning mechanisms. Increased surface roughness and
grain boundary degradation observed by AFM further support the
formation of effective pinning centers.

II. EXPERIMENTS

We fabricated ∼400 nm-thick MgB2 films on c-cut Al2O3

substrates using the hybrid physicochemical vapor deposition
(HPCVD) technique under previously reported fabrication condi-
tions.8 Ni-ion irradiation was carried out using the HUS-5SDH-2
tandem Pelletron accelerator at VNU University of Science,
Vietnam. The Ni-ion beam energy was fixed at 1 MeV, and ion
doses of 3 × 1013, 5 × 1013, 7 × 1013, and 9 × 1013 ions/cm2 were
applied. The corresponding MgB2 film samples were labeled as
pristine, 3 × 1013, 5 × 1013, 7 × 1013, and 9 × 1013, respectively. The
use of 1 MeV Ni-ion energy enabled deep and relatively uniform
defect formation within the MgB2 films, promoting point-like
defects that enhance flux pinning while minimizing excessive lattice
damage that could degrade superconductivity. The mean projected

range (Rp) is defined as the average distance an ion travels along the
initial beam direction before coming to rest in the target) of the Ni
ions was estimated using the Monte Carlo simulation program SRIM
(Stopping and Range of Ions in Matter).18,19 Irradiation was per-
formed with the Ni-ion beam perpendicular to the film surface,
aligning with the crystallographic c-axis. The magnetic field applied
during magnetization and critical current density (Jc) measurements
was also oriented perpendicular to the film surface to ensure align-
ment with the c-axis. Crystallinity of the MgB2 films was character-
ized by X-ray diffraction (XRD), while room-temperature Raman
spectroscopy was performed using a MAPLE II spectrometer with a
532 nm green laser. The superconducting transition temperature (Tc)
was determined from magnetization vs temperature (M–T) measure-
ments at 100 Oe. Critical current density (Jc) values at 5 and 20 K
were derived from magnetization vs field (M–H) curves using Bean’s
model, Jc = ΔM/r,8 where r is the sample radius and ΔM is the
magnetization difference at each applied field. All M–T and M–H
measurements were conducted using a Physical Property
Measurement System (Quantum Design, EverCool, Model 6000)
with the field applied perpendicular to the film surface.

III. RESULTS AND DISCUSSION

The Ni-ion irradiation process on an MgB2 film deposited on
a c-cut Al2O3 substrate was simulated using the SRIM program.18,19

Based on input parameters of 1 MeV Ni-ion energy and an MgB2
density of 2.57 g/cm3, the Rp was found to exceed 900 nm, as
shown in Fig. 1. Given the MgB2 film thickness of approximately
400 nm in this study, most Ni ions are expected to pass entirely
through the film and stop in the substrate. As shown in Fig. 1(b),
the number of vacancies generated within the film remains rela-
tively constant throughout its thickness. These results indicate that
Ni-ion tracks effectively create line defects and lattice distortion
within the MgB2 layer.

8

The XRD patterns of the pristine and Ni-irradiated MgB2
films with different ion doses are shown in Fig. 2(a). All films
exhibit high c-axis orientation, as indicated by the presence of only
two sharp and dominant diffraction peaks: (0001) and (0002).
No impurity peaks were observed. To determine changes in crys-
tallinity, the full width at half maximum (FWHM) of the (0002)
peak was compared before and after Ni irradiation, as shown in
Fig. 2(b). The FWHM of the (0002) peak increased from 0.257°
in the pristine film to 0.479° in the irradiated samples, demon-
strating degradation in crystallinity due to ion-induced lattice
disorder. In addition, a slight shift of the (0001) and (0002)
peaks toward lower 2θ values was observed in all irradiated films,
indicating an expansion of the c-axis lattice parameter. Among
the two peaks, the (0002) reflection was selected for lattice parameter
analysis due to its approximately six times higher intensity compared
to the (0001) peak. The c-axis lattice constant was calculated using
the following relation:

c ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
:

The crystal structure of MgB2 is hexagonal, and the (0002)
reflection corresponds to Miller indices [h k− (h + k) l], where
h = 0, k = 0, and l = 2. The c-axis lattice constant, calculated from
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the (0002) peak, is given in Table I. It was found to increase slightly
from 3.521 Å in the pristine MgB2 film to 3.550 Å with increasing
Ni-ion dose. Geometrically, irradiation was performed nearly along
the c-axis direction of the MgB2 films. The collision of Ni ions
with Mg and B atoms along this direction may have contributed
to c-axis elongation, consistent with previous reports.20,21 The
formation of defects and lattice disorder during Ni-ion irradiation
may influence scattering between the π and σ bands in MgB2,
potentially altering its superconducting properties. The gradual
shift of the (0002) XRD peak toward lower 2θ angles with increas-
ing Ni-ion dose indicates tensile strain (ε) within the films. This
observation is quantitatively supported by increasing ε values
obtained from Williamson–Hall analysis, as shown in Table I.
Tensile strain, arising from defect-induced lattice expansion
under Ni irradiation, likely contributes to enhanced grain boun-
dary pinning, while avoiding excessive stress accumulation that
could otherwise degrade the film structural integrity.

To investigate the variation in superconductivity of MgB2
films with increasing Ni-ion doses, the zero-field cooling (ZFC)
and field cooling (FC) magnetization vs temperature (M–T) curves
were measured. The lower critical field (Hc1) of MgB2 is reported to
be around 2800 Oe, so the applied field along the c-axis in the
experiment was set to 10 Oe. The ZFC and FC curves are shown in
Fig. 3. The superconducting state was established as the tempera-
ture dropped below the critical temperature (Tc). In the ZFC mode,
the 10 Oe applied field was completely excluded from the MgB2
films, resulting in diamagnetism below Tc. In the FC mode, the
10 Oe field was trapped in the form of vortices inside the films,
leading to weaker magnetization compared to the ZFC mode. Tc
was determined as the temperature at the point where the normal-
ized M–T curves merged.8,12,22 The values of Tc for each Ni-ion
dose are given in Table I. It can be observed that Tc decreased from
39.56 K for the pristine MgB2 film to 32.50 K for the film irradiated
with 9 × 1013 Ni ions/cm2. The decrease in Tc in superconductors is
often attributed to impurities, crystal disorders, and defects.23–25

Therefore, the defects and lattice disorders induced by Ni-ion irra-
diation are likely the primary cause of the reduction in Tc for the
irradiated MgB2 films.

FIG. 1. (a) Mean projected range of 1 MeV nickel ions irradiated on the MgB2
film deposited on the c-cut Al2O3 substrate and (b) the depth profile of the
number of target vacancies generated by 1 MeV Ni-ion irradiation.

FIG. 2. (a) X-ray diffraction (XRD)
diagram of the pristine and Ni-ion irra-
diated MgB2 films. All MgB2 films were
highly c-axis oriented with the absence
of impurity phase, and (b) the (0002)
MgB2 peaks were found to systemati-
cally shift to a lower value of 2θ.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 138, 073901 (2025); doi: 10.1063/5.0285394 138, 073901-3

© Author(s) 2025

 09 O
ctober 2025 01:10:52

https://pubs.aip.org/aip/jap


Among the optical phonon modes of MgB2 (namely, E2g, E1u,
B1g, and A2u), the E2g mode was uniquely identified as the only
first-order Raman-active mode in the pristine crystal structure.26–28

The E1u, B1g, and A2u modes tend to become dominant in the pres-
ence of crystal defects or impurities.29–32 Therefore, Raman spectra
can provide deep insights into electron–phonon coupling (EPC),
crystal defects, lattice disorder, and impurities. Figure 4(a) shows
the room-temperature Raman spectra of pristine and Ni-irradiated
MgB2 films, which exhibit a clear dependence on Ni-ion dose. To
quantitatively analyze the spectra, Gaussian fitting was applied to
the experimental data. All spectra were well fitted with three
peaks: ω1, ω2, and ω3. Among these, the ω1 peak (∼420 cm−1)
had low intensity and limited influence and thus was not dis-
cussed in detail. According to previous studies, the E2g mode
in the hexagonal structure of MgB2 corresponds to the central
peak ω2, while the ω1 and ω3 peaks are associated with lattice
distortion.26–28,33,34 Two key features of the ω2 peak, the peak
position and its FWHM, are particularly important indicators
of EPC. These parameters are listed in Table I and shown in
Figs. 4(b) and 4(c). The E2g peak position, initially located at
∼598 cm−1 for the pristine film, gradually shifted to lower values

with increasing Ni-ion dose, reaching a minimum of 560 cm−1

for the film irradiated with 9 × 1013 ions/cm2. The FWHM of the E2g
peak, which was ∼213 cm−1 in the pristine film, slightly decreased to
∼198 cm−1 in the most heavily irradiated sample. A high FWHM
(∼200 cm−1) is generally associated with strong EPC,30,31,35 and the
observed decrease may be partially related to the reduction in Tc
with increasing defect concentration induced by Ni-ion irradiation.29

Although the E2g peak obviously broadened, an additional
peak well fitted by ω3 became dominant. This peak growth has
previously been observed in MgB2 samples subjected to chemical
substitution or irradiation.17,21,29,36 In strongly disordered or
crystal-defect systems, the momentum-selection rule can lead to
Raman scattering from a broader range of phonon modes, reveal-
ing features of the phonon density of states (PDOS).26,34 In our
study, lattice distortion and strain in the MgB2 films were induced
by Ni-ion irradiation. The increasing prominence of the ω3

peak with higher Ni-ion doses may indicate the emergence of
PDOS-related features in the Raman spectra, which likely contrib-
ute to the degradation of superconductivity in the MgB2 films.

The relation between Tc, phonon frequency, and EPC can be
expressed by the McMillan formula with the revision of Allen–
Dynes37 as

Tc ¼ hωi
1:2

exp � 1:04(1þ λ)
λ� μ�(1þ 0:62λ)

� �
,

where the average phonon frequency 〈ω〉 is estimated as
〈ω〉 = (ω1 × ω2

2 × ω3)
0.25,38,39 μ* is the Coulomb pseudopotential

(taken as equal to 0.13),40 and λ is the EPC constant. Another
parameter, the Debye temperature (ΘD), may be deduced from
the 〈ω〉 through the relation

ΘD ¼ hωi
1:2

� 1:45:

The obtained fitting parameters are listed in Table I. The EPC
value for the pristine MgB2 film was 1.049, and it monotonically
decreased to 0.962 as the Ni-ion dose increased to 9 × 1013 ions/cm2.
This reduction in EPC is linked to the observed decrease in Tc, as
the electron–phonon coupling plays a crucial role in determining the
superconducting transition temperature. The electron–phonon inter-
action was explained using the Bardeen–Cooper–Schrieffer (BCS)
theory, where the attraction between two electrons is mediated by
the exchange of virtual phonons. In addition, MgB2 is known
to exhibit two superconducting gaps associated with the σ- and
π-bands. The EPC for the σ-band and π-band was calculated to

TABLE I. Values of Tc, Raman peak centers, FWHM of E2g, electron–phonon coupling, Θ D, and strain of the pristine and Ni-irradiated MgB2 films.

Samples Tc (K) c-axis (Å) ω1 (cm
−1) ω2 (E2g) (cm

−1) ω3 (cm
−1) FWHM (E2g) (cm

−1) EPC (λ) Θ D (K) ε (%)

Pristine 39.56 3.5210 421.85 598.60 748.62 213.22 1.049 700.83 0.191
3 × 1013 36.25 3.5327 415.61 572.57 729.45 214.24 1.014 678.46 0.388
5 × 1013 35.01 3.5305 419.11 568.84 731.62 205.57 0.994 678.17 0.538
7 × 1013 33.75 3.5423 406.07 566.92 731.51 207.76 0.978 671.67 0.633
9 × 1013 32.50 3.5500 402.52 560.33 730.57 198.16 0.962 666.07 1.084

FIG. 3. Zero-field cooled (ZFC) and field-cooled (FC) magnetization vs temper-
ature (M–T) curves of the pristine and Ni-ion irradiated MgB2 films. The super-
conducting transitions were observed for all films, and Tc was defined as the
temperature of the merging point in the M–T curves.
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be 1.02 and 0.45, respectively.38,41,42 The results reveal that the
superconductivity in both pristine and Ni-irradiated MgB2 films
is predominantly created by the σ-band. Ni-ion irradiation
induces lattice distortions and defects, which weaken both the
EPC and Tc. Furthermore, the Debye temperature (ΘD) was
found to decrease from 700.83 K for the pristine MgB2 film to
666.07 K for the highest irradiated sample. These values agree
with the reported range of 600–750 K for similar systems.17,43

Although the formation of defects and lattice disorders in
Ni-ion-irradiated MgB2 films suppressed the Tc of the MgB2 film,
they positively affected Jc. The field dependences of Jc at 5 and 20 K
for both pristine and Ni-irradiated MgB2 films are presented in
Figs. 5(a) and 5(b). For the pristine MgB2 films, the highest value
of Jc was obtained at self-field and then generally decreased with
increasing fields. Similar behaviors of Jc were also found for all
Ni-irradiated MgB2 films. The values of self-field Jc of all MgB2

films at 5 K were lower than those at 20 K, and it was attributed to
large flux jump due to thermal instability, which was like findings
reported by Jung et al.44 The effect of Ni-ion irradiation on Jc
was then investigated. At low field regions, the Jc values of the
Ni-irradiated MgB2 films were lower than that of the pristine one. At
5 K, the Jc(B) curves of the 3 × 1013 and 5 × 1013 ions/cm2-irradiated
MgB2 films were observed to cross that of the pristine one at 1.3 and
2.7 T, respectively. At 20 K, the crossover points were observed to
be ∼2.5 T for both the 3 × 1013 and 5 × 1013 ions/cm2-irradiated
MgB2 films. The observations of crossover points in the Jc(B) curves
might reflect the contribution of different types of pinning
centers in the MgB2 films and will be discussed below. The Jc of
the Ni-irradiated MgB2 films was maintained ∼103 A/cm2 up to
5 T at 5 K and up to 3.7 T at 20 K. For power related applications,
the value of Jc of 10

5 A/cm2 has been required. In our work, the
operation field for that Jc was found to be ∼4 T at 5 K and ∼3.2 T

FIG. 4. (a) Raman spectra of the pristine and Ni-ion irradiated MgB2 films. Three-mode fits using the Gaussian function of the E2g (ω2) and PDOS (ω1 and ω3) modes,
(b) dependence of the Raman shift on the Ni-ion dose, and dependence of (c) the Raman shift and (d) electron–phonon coupling (EPC) on Tc.
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at 20 K. The Ni-ion irradiation enhanced Jc values in the high-
field region for the 3 × 1013, 5 × 1013, and 7 × 1013 ions/cm2 irradi-
ated samples, likely due to the pinning effects of the induced
defects. In comparison with a study on O-ion irradiation using
the energy of ∼keV in which the O-ions were not completely pene-
trated throughout the films’ thickness,12 Ni-ion irradiation induced
the stronger Jc enhancements of ∼1.5 times at both 5 and 20 K,
which might reflect the advantage of using high energy for irradia-
tion. In comparison with a study on Sn-ion irradiation using the
energy ∼MeV,8 the Ni-ion irradiation provided little lower Jc
enhancement. A possible reason for this might be attributed to the
magnetic property of Ni ion. Ni2+ was ferromagnetic ions, and there
is a small amount of Ni2+ ions substituted into the MgB2 crystal
lattice. As a result, the superconductivity and Jc of the Ni-irradiated
MgB2 films were getting weakened as compared to those of the
Sn-irradiated MgB2 films. The inset of Figs. 5(a) and 5(b)

showed the value of Jc for each Ni-ion dose at different fields.
The Jc enhancements were clearly induced at high field region,
which might reflect the role of additional pinning centers by
Ni-ion irradiations.

To quantitatively analyze the Jc enhancements,41 plots of Jc
vs the magnetic field using the double-logarithmic scale are given
in Figs. 5(c) and 5(d). Two distinct regimes may be classified. In
the low-field region, where each vortex is individually pinned, the
field independence of Jc indicates a single vortex pinning regime.
In the intermediate field region, where vortex–vortex interactions
dominate, Jc follows a field dependence of Jc ≈H−β, where β rep-
resents the pinning strength.15,45 At T = 5 K, β decreased from
0.96 for the pristine MgB2 film to a minimum of 0.67 for the
highest irradiated film. A similar trend was observed at T = 20 K.
Theoretically, β = 1 characterizes weak pinning, while β = 0.5 is
indicative of strong pinning.46,47 The observed decrease in β

FIG. 5. Jc vs magnetic field of the pristine and Ni-ion irradiated MgB2 films at (a) 5 and (b) 20 K and (c) and (d) a double logarithmic plot of data from (a) and (b) in which
the power law Jc∼ H−β was applied in the intermediate field region. The inset of (a) and (b) showed variations of Jc with increasing the Ni-ion dose at different fields, in
which the enhancements of Jc were observed at high field regions.
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reveals a transition from weaker to stronger pinning mechanisms,
likely due to the defects and disorder induced by Ni-ion irradiation.

The pinning nature in both pristine and Ni-irradiated MgB2
films was also investigated. The pinning force density (Fp) was
calculated from the field-dependent Jc data using the relation
Fp = B × Jc. In type-II superconductors, Jc and Fp typically decrease
rapidly at the irreversibility field (Birr), which is lower than the
upper critical field (Bc2), and are extracted at Jc = 1000 A/cm2, as
described by Jung et al.45 As shown in Fig. 5, the values of Birr
were found to be comparable to those reported in previous
studies on MgB2 films fabricated using HPCVD,8,45 which shows
that the quality of the MgB2 films in our work is consistent with
previous reports. Hence, Birr is used to define the reduced field b
(where b = B/Birr). Plots of the normalized pinning force density
( fp = Fp/Fp,max) as a function of the reduced field b for all samples
are shown in Fig. 6.

The scaling behaviors of flux pinning in MgB2 films at both 5
and 20 K were analyzed using the Dew–Hughes model48

fp ¼ Abp(1–b)q,

where A is a parameter independent of the applied field and
p and q are the fitting parameters reflecting the type of pinning.
The experimental data fit the theoretical model in the low field
region. Values of p, q, and bpeak = p/(p + q) were estimated. For all
MgB2 films at both 5 and 20 K, the value of q was consistently
found to be 2, which may indicate the existence of core interac-
tion.11,46,48,49 This finding provided as solid evidence for the idea
that a core interaction was the dominant interaction in type-II
superconductors. The values of p and bpeak were then considered
to identify the details of core pinning types in the MgB2 films.
At 5 K [Fig. 6(a)], p was approximately 0.53 and bpeak was around
0.21 for the pristine MgB2 film, indicating that normal core surface
pinning was dominant. The MgB2 films fabricated by using the
HPCVD method were nearly single crystalline, as confirmed by
the XRD results. When the field was applied parallel to the c-axis
of the films, grain boundaries effectively served as surface-pinning
centers. For the Ni-irradiated MgB2 films, which were irradiated
with low ion doses (3 × 1013 and 5 × 1013 ions/cm2), the values
of p and bpeak slightly increased. However, for high ion doses
(7 × 1013 and 9 × 1013 ions/cm2), these values increased signifi-
cantly to p ≈ 0.73 and bpeak ≈ 0.27. At 20 K [Fig. 6(b)], a similar
trend was observed for p and bpeak, with thermal fluctuations con-
tributing to the results.

According to the classification of Dew–Hughes, theoretical
values of p = 1 and q = 2 correspond to normal point pinning.
Previous studies show that normal point pinning in irradiated
MgB2 films is likely caused by distortion in the crystal structure,
the lattice mismatch, or incomplete growth of superconducting
grains.15,45,46,50,51 In our study, the Ni ions penetrated the films,
and the irradiation process generated point defects, such as ion
tracks, and lattice distortions distributed homogeneously within
the films. As a result, a partial shift from the normal surface to
normal point pinning was achieved, leading to the coexistence of two
pinning mechanisms in the 7 × 1013 and 9 × 1013 ions/cm2-irradiated
samples. The contributions of each type of pinning center were
proposed by Higuchi et al.51 and applied by Gajda et al.52,53

The enhancements of Jc at low-field regions were predominantly
due to surface pinning centers, while at middle and high-field
regions, point pinning centers played a more significant role. This
mechanism was likely responsible for the enhancement of Jc
observed in Fig. 5. The point pinning centers, created by the irra-
diation process, were dominant in the Ni-irradiated MgB2 films.
These findings were consistent with the results in Fig. 6, where
the fitting parameters of p ≈ 0.73 and bpeak ≈ 0.27 at high ion
doses, although slightly deviating from theoretical values of p = 1
and bpeak = 0.33, confirm the major contribution of point pinning
centers along with surface pinning centers.

Atomic force microscopy (AFM) was employed to probe
the irradiation-driven morphological evolution of MgB2 films,
as shown in Fig. 7. After Ni-ion irradiation at a dose of
5 × 1013 atom/cm2, the AFM images reveal a pronounced alteration
in the grain boundary definition, accompanied by increased surface

FIG. 6. Normalized volume pinning force fp, fp = Fp/Fp,max, on normalized field
b, b = B/Birr, the pristine and Ni-ion irradiated MgB2 films at (a) 5 and (b) 20 K.
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roughness. This reduction in grain boundary clarity denotes partial
amorphization of the surface, consistent with irradiation-induced
defect accumulation observed in other single-crystalline systems.12

The modified grain morphology implies the formation of localized
disordered regions, which could serve as effective flux pinning
centers. While AFM is surface-sensitive and cannot resolve sub-
surface amorphization directly, the degradation of the grain boun-
dary definition provides strong evidence for irradiation-induced
structural disorder. These surface modifications are likely to con-
tribute to enhanced vortex pinning, though their depth distribution
and relation to bulk properties require further nanoscale characteri-
zation in future studies.

IV. CONCLUSIONS

Ni-ion irradiation of MgB2 films induces notable lattice
expansion, with the c-axis lattice constant increasing from 3.521 Å
in pristine films to 3.550 Å at higher ion doses. This expansion is
accompanied by crystallinity degradation, as reflected by the
broadening of the (0002) XRD peak’s FWHM from 0.257° to
0.479°. Williamson–Hall analysis further confirms increasing
tensile strain with ion dose, which contributes to enhanced grain
boundary pinning. The superconducting properties, however, are
adversely affected; the critical temperature (Tc) decreases from
39.56 to 32.50 K at a dose of 9 × 1013 ions/cm2, and electron–phonon
coupling (EPC) weakens from 1.049 to 0.962, both indicative of
lattice defects and disorder. The E2g peak position in the Raman
spectra shifted from 598 cm−1 (pristine) to 560 cm−1 (irradiated with
9 × 1013 ions/cm2), showing increased lattice disorder. Additionally,
the FWHM of the E2g peak in the Raman spectra decreased from
213 cm−1 (pristine) to 198 cm−1, partially linked to the Tc reduction.
Despite the suppressed superconductivity, the critical current density
(Jc) is enhanced in high magnetic fields for intermediate doses
(3 × 1013 to 7 × 1013 ions/cm2) due to defect-induced flux pinning.
In low fields, Jc behavior aligns with single vortex pinning, transition-
ing to collective pinning at intermediate fields. Pinning strength (β)
decreases from 0.96 to 0.67 at the highest dose, reflecting a shift
toward stronger pinning mechanisms driven by irradiation defects.
This is further supported by the calculated pinning force density
and reduced field parameters that indicate transition toward point
pinning at higher doses, enhancing Jc under strong fields. Atomic

force microscopy reveals grain boundary degradation and increased
surface roughness at doses around 5 × 1013 ions/cm2, facilitating the
formation of disordered regions that act as effective flux pinning
centers.
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