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1. INTRODUCTION 
 

Since the discovery of superconductivity in MgB2 [1], 

numerous results have been reported on its practical 

applications [2-6]. A simple binary compound MgB2 has 

the potential to replace the most commercialized 

superconducting (SC) materials, such as NbTi (Tc ~ 9 K) 

and Nb3Sn (Tc ~ 18 K), owing to its relatively high SC 

transition temperature (Tc ~ 40 K) and high self-field 

critical current density (Jc) [7]. In addition, no weak-link 

problem in MgB2 makes it more attractive for real 

applications [7, 8]. Although two-dimensional (2D)  

bands of in-plane boron (B) px and py orbitals are mainly 

contributed to the superconductivity of MgB2, there is no 

weak link in MgB2 unlike high-Tc cuprate superconductors 

(HTSCs) with 2D pancake vortices [7-10]. However, the Jc 

of MgB2 rapidly decreases in an applied magnetic field due 

to lack of pinning sites [11]. 

Ion irradiation is a unique method for creating flux 

pinning sites in superconductors, and swift heavy-ion 

irradiation is widely used for improving Jc(H) of HTSCs 

because columnar defects, which act as strong pinning sites, 

are produced along ion tracks [12, 13]. Swift heavy-ion 

irradiations were also performed on MgB2, but the 

enhancement of Jc(H) was marginal [14, 15]. Moreover, no 

columnar defects were observed along the ion tracks in 

MgB2, probably due to its metallicity [16]. 

In this paper, we studied the effect of thermal annealing 

on MgB2 thin films irradiated by 350 keV C-ions with a 

dose of 1  1015 atoms/cm2. Low-energy ion irradiations 

into MgB2 led to an expansion of the c-axis lattice constant 

together with changes in SC critical properties, such as Tc 

and Jc. Interestingly, the Tc and Jc in the irradiated MgB2 

thin films were comparable to that of the pristine state after 

a thermal annealing. This was accompanied by the 

recovery of the c-axis lattice constant, indicating that the 

lattice displacements are critical in determining the SC 

critical properties of MgB2. These results provide useful 

information on the effect of ion irradiation in MgB2 

superconductor.  

   

 
2. EXPERIMENTAL METHODS 

 
Highly c-axis-oriented MgB2 thin films were fabricated 

by using hybrid physical chemical vapor deposition 

(HPCVD) technique and the details of the growth process 

are described elsewhere [17, 18]. MgB2 thin films with 

thicknesses of 400 (MB400nm) and 800 nm (MB800nm) 

were prepared for 350 keV C-ion irradiation with a dose of 

1  1015 C atoms/cm2 (1E15), and C-ion irradiation was 

carried out by using Cockcroft-Walton type 400 kV ion 

beam accelerator at Korea Institute of Science and 

Technology (KIST), Seoul. Mean projected range (Rp) and 

damage events were calculated from the stopping and 

range of ions in matter (SRIM) Monte Carlo simulation 

program [19]. The Rp of irradiated C ions was estimated to 

be around 560 nm from the surface of MgB2 with a density 

of 2.57 g/cm3. 

The films were investigated by using X-ray diffraction 

(XRD) before and after C-ion irradiation to examine the 
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Abstract    

 

We investigate the effect of thermal annealing on MgB2 thin films with thicknesses of 400 and 800 nm, irradiated by 350 keV 

C-ions with a dose of 1  1015 atoms/cm2. Irradiation by low-energy C-ions produces atomic lattice displacement in MgB2 thin 

films, improving magnetic field performance of critical current density (Jc) while reducing the superconducting transition 

temperature (Tc). Interestingly, the lattice displacement and the Tc are gradually restored to the original values with increasing 

thermal annealing temperature. In addition, the magnetic field dependence of Jc also returns to that of the pristine state together 

with the restoration of Tc. Because Jc(H) is sensitive to the type and density of the disorder, i.e. vortex pinning, the recovery of 

Jc(H) in irradiated MgB2 thin films by thermal annealing indicates that low-energy C-ion irradiation on MgB2 thin films primarily 

causes lattice displacement. These results provide new insights into the application of low-energy irradiation in strategically 

engineering critical properties of superconductors. 
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change in the c-axis lattice constant. Superconducting 

transition of the samples was characterized by measuring 

the temperature dependence of electrical resistivity () and 

dc magnetization (M) via the standard 4-probe method and 

the magnetic property measurement system (MPMS 5T, 

Quantum Design), respectively. Magnetic field 

dependence of the critical current density (Jc) was 

estimated from the magnetization hysteresis (M ‒ H) loops 

based on the Bean’s critical state model [7], and the flux 

pinning force density (Fp) was calculated using the relation 

Fp = Jc  0H. 

 To investigate the effect of thermal annealing on the C-

ion irradiated MB400nm and MB800nm, we annealed both 

irradiated films at temperatures of 200, 300, 400, and 500 
oC for 30 min in a box furnace. Both the films were sealed 

in an evacuated quartz tube after wrapping them with 

tantalum (Ta) foil to minimize the decomposition of 

magnesium (Mg) during the heat treatment [20], [21]. 

XRD, M(T), and M ‒ H loops for the irradiated MB400nm 

and MB800nm were measured after annealing, for each 

annealing temperature. 

 

 

3. RESULTS AND DISCUSSION 

 

Figs. 1(a) and (b) show the damage profile of the 

MB400nm and MB800nm samples by 350 keV C-ion 

irradiation, respectively, which was simulated by the SRIM 

program [19]. The number of vacancies is proportional to 

the damage events induced by collision cascades resulting 

from the elastic scattering between injected C ions and 

Mg/B atoms and the recoiling Mg and B atoms [21, [22]. 

Damage events in the MB400nm sample are nearly 

uniform throughout the depth of the MgB2 layer, because 

most of the C-ions penetrate the film and are stopped in the 

Al2O3 substrate. By contrast, the damage events in the 

MB800nm sample gradually increase up to a depth of ~535 

nm in the MgB2 film and then decrease rapidly around the 

mean projected range (Rp) of 560 nm as the remaining C-

atoms are stopped.  

 

 
 

Fig. 1. Damage events in (a) MB400nm and (b) MB800nm 

caused by 350 keV C-ion irradiation. X-ray diffraction 

pattern around (002) peak of MgB2 for pristine and 1E15 

irradiated (c) MB400nm and (d) MB800nm.   

 
Fig. 2. Temperature dependence of (a) electrical resistivity 

() and (b) magnetization (M) near SC transition 

temperature (Tc) for pristine and C-ion irradiated 

MB400nm and MB800nm. For comparison, the (T) and 

the M(T) were normalized to the  at 41 K and the absolute 

zero-field-cooled (ZFC) M at 5 K, respectively.    

 
Figs. 1(c) and (d) show the X-ray diffraction (XRD) 

patterns of  ‒ 2 scans near the (002) peak of MgB2 for 

the C-ion irradiated MB400nm and MB800nm, 

respectively, together with those of the pristine films. The 

(002) peak position of both films are clearly shifted to 

lower angles after the irradiation with a dose of 1  1015 C 

atoms/cm2 (1E15), indicating an elongation of the c-axis 

lattice constant [21]. The broader peak of the irradiated 

MB800nm compared to that of the irradiated MB400nm is 

due to the implanted C atoms inside the MB800nm, as 

depicted in Figs. 1(a) and (b).   

 Temperature dependence of electrical resistivity () near 

the superconducting (SC) transition temperature (Tc) for 

the pristine and C-ion irradiated samples is presented in Fig. 

2(a), where the (T) is normalized by the value of  at 41 

K. The Tc of MB400nm and MB800nm decreased from 

39.7 and 40 K to 33.1 and 36.2 K after C-ion irradiation, 

respectively. The Tc was determined to be the mid-point of 

the SC transition in the (T) curves, as indicated by the 

arrow. A higher Tc in the irradiated MB800nm compared 

to that of the irradiated MB400nm results from the 

proximity effect between the undamaged and the damaged 

layers [23].  
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Fig. 3. XRD patterns of  ‒ 2 scans around (002) peak for 

thermally annealed (a) MB400nm and (b) MB800nm. 

Temperature dependence of normalized magnetization for 

thermally annealed (c) MB400nm and (d) MB800nm. The 

shifted (002) peak position and the suppressed 

superconductivity caused by C-ion irradiation are 

gradually restored to the corresponding values of the 

pristine state with increasing annealing temperature.   

 

Temperature dependence of magnetization (M) also 

shows a result similar to (T). Fig. 2(b) shows the 

temperature dependence of zero-field-cooled (ZFC) and 

field-cooled (FC) dc M at 5 Oe for the pristine and C-ion 

irradiated samples, where the M(T) is normalized by the 

absolute ZFC M value at 5 K for comparison. The 

transition temperature of ZFC M for both MgB2 thin films 

was reduced after C-ion irradiation. A kink is observed in 

the M(T) curve of irradiated MB800nm owing to difference 

in Tcs of the damaged and the undamaged MgB2 layers.  

Because low-energy ion irradiation on crystalline 

materials is primarily known to produce damages related 

to lattice displacement, thermal annealing of the irradiated 

MB400nm and MB800nm was performed at temperatures  

 

 
 

Fig. 4. Magnetic field dependence of the critical current 

density (Jc) at 5 K for (a) MB400nm and (b) MB800nm. 

Normalized flux pinning force density (fp) at 5 K as a 

function of reduced magnetic field (h) for (c) MB400nm 

and (d) MB800nm. 

of 200, 300, 400, and 500 oC. Interestingly, the shifted (002) 

peak of the irradiated samples gradually returns to their 

original position with increasing annealing temperature, as 

shown in Figs. 3(a) and (b). The suppressed 

superconductivity of both films following the C-ion 

irradiation is also gradually restored to the pristine state 

with increasing annealing temperature, as shown in Figs. 

3(c) and (d). The diamagnetic transition temperature for 

both irradiated films in the ZFC M(T) curves become close 

to that for the pristine films after annealing them at 500 oC. 

Considering our previous study of thermally annealed 

MgB2 films investigated using the energy dispersive 

spectroscopy (EDS), it is believed that the difference in 

ZFC transition between the pristine films and the annealed 

films at 500 oC is primarily due to the decomposition of 

Mg during the thermal annealing [20, 21]. In addition, a 

slight difference in the behavior of MB400nm and 

MB800nm is probably due to the C atoms remaining inside 

the MB800nm. These results indicate that the lattice 

displacement produced by the C-ion irradiation crucially 

influences the superconductivity of MgB2 thin films.  

 Figs. 4(a) and (b) show the effect of thermal annealing 

on the critical current density (Jc) at 5 K for the C-ion 

irradiated MB400nm and MB800nm, respectively. Here, 

the magnetic field is applied perpendicular to the plane of 

the films. A large Jc in self-field and its rapid decrease 

under applied magnetic fields represents that the prepared 

MB400nm and MB800nm are of high quality. The 

behavior of Jc under applied magnetic fields for both films 

improved after C-ion irradiation. However, Jc was largely 

suppressed at low fields, probably due to the suppression 

of Tc and the SC volume fraction. Surprisingly, the field 

performance of Jc for both irradiated films nearly returned 

to their pristine state after thermal annealing at 500 oC. This 

result is considerably different compared to neutron 

irradiated MgB2, which showed an enhancement of Jc 

under applied magnetic fields after thermal annealing [21, 

24]. Since the magnetic field dependence of Jc is strongly 

influenced by the characteristics and density of the pinning 

sites, this behavior of Jc provides strong evidence that the 

damage caused low-energy ion irradiation on MgB2 thin 

films is chiefly concerned with atomic lattice 

displacements [21]. 

Figs. 4(c) and (d) show normalized flux pinning density 

(fp = Fp/Fp,max) as a function of reduced magnetic field (h = 

H/Hpeak), where Fp,max is the maximum flux pinning force 

density (Fp), and Hpeak is the magnetic field corresponding 

to Fp,max. The fp(h)s of the pristine MB400nm and 

MB800nm are not explained by the flux pinning 

mechanisms given by  the following equations [25, 26]: 

 

𝑓p(ℎ) = 3ℎ2 (1 −
2ℎ

3
)    for ∆ pinning,                        (1) 

𝑓p(ℎ) =
9

4
ℎ (1 −

ℎ

3
)

2

   for normal point pinning,        (2) 

𝑓p(ℎ) =
25

16
√ℎ (1 −

ℎ

5
)

2

   for surface pinning.              (3) 

 
On the other hand, the fp(h)s for both C-ion irradiated films 

are close to the normal point pinning, indicating that the C-

ion irradiation of MgB2 films produces point defects, such 

as vacancies and interstitials, which are accompanied by 
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lattice displacements. Interestingly, the changed flux-

pinning force behavior in the C-ion irradiated MgB2 thin 

films was recovered to that of the pristine state after 

thermal annealing at 500 oC due to the reversal of lattice 

displacements. This is consistent with the results of the 

field dependence of Jc. Since C doping in MgB2 is well 

known as one of the most effective methods to improve the 

field performance of Jc, a slight difference between the 

results obtained in case of MB800nm and MB400nm is 

most probably owing to the implanted C atoms inside the 

MB800nm [27, 28]. However, the C-doping effect on the 

Jc(H) of MB800nm is not remarkable, because the 

concentration of C atoms at Rp, where the C concentration 

is maximum, is about 0.35 % of the B concentration in 

MgB2 [21]. These results also strongly support the 

viewpoint that the main defects produced by low-energy 

ion irradiation on MgB2 thin films are due to displacement 

damages. 

 

 

4. CONCLUSION 

 

We investigated the effect of thermal annealing on 350 

keV C-ion irradiated MgB2 thin films with thicknesses of 

400 and 800 nm. The superconducting transition 

temperature (Tc) for both irradiated MgB2 films was 

suppressed by the atomic lattice displacements caused by 

collision cascades, while the magnetic-field performance 

of critical current density, Jc(H), was improved due to the 

pinning sites created by the lattice displacements together 

with the Frenkel defect, vacancies and interstitials. 

However, the lattice displacements reversed after thermal 

annealing, resulting in the restoration of the behavior of 

both Tc and Jc(H) corresponding to that observed in pristine 

samples. These results support the view that low-energy 

ion irradiation on MgB2 induces a lattice displacement, 

which acts as a main disorder to change superconducting 

critical properties of MgB2. This observation provides new 

insights into the application of low-energy irradiation in 

strategically engineering superconducting properties of 

MgB2 thin films. 
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