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PACS 61.10.Nz, 61.72.Ww, 74.25.Ha, 74.25.Qt, 74.70.Ad 

Bulk samples of MgB
2
 doped with 0, 1, 3, and 5 wt% Pr

6
O

11
 nanopowder were prepared using a solid-state 

reaction route. The lattice constants of Pr
6
O

11
-doped MgB

2
 systematically increase with increasing doping 

level, indicating a partial substitution of Pr for Mg in the crystal structure, and consequently, the super-

conducting transition temperature, T
c
, of MgB

2
 is slightly suppressed. At a low doping level of  

1 wt% Pr
6
O

11
, the critical current density, J

c
, and the irreversibility field, H

irr
 are improved. However, at 

higher doping levels, Pr
6
O

11
 doping seems harmful for the performance of MgB

2
 in high magnetic fields. 

It is argued that the effect of the doping mechanism of Pr
6
O

11
 on T

c
 and J

c
 is quite different from those of 

other rare-earth elements, such as Y or Dy. 
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1 Introduction 

The discovery of the MgB2 superconductivity has generated great interest in the field of applied super-

conductivity because MgB2 has a critical transition temperature Tc of 39 K [1], reaching the record Tc of 

noncuprate superconductors. Compared with the high-temperature superconductors (HTS), MgB2 has 

simple structure, low processing cost, and does not have the weak-link problem at grain boundaries that 

hampers the applications of HTS-based superconductivity technologies. The advantages of MgB2 make it 

a promising candidate for engineering applications in the temperature range 20–30 K, in which the tradi-

tional low-temperature superconductors (LTS) cannot play any roles. 

 One of the major problems of MgB2-based superconductivity technologies is that the critical current 

density Jc of MgB2 materials is still not high enough to satisfy the industrial applications, especially 

under high magnetic field. A rapid drop of Jc with the increase of applied magnetic field indicates a lack 

of effective pinning centers, such as second-phase particles, crystal defects, dislocations, and so on, in 

MgB2. Thus, it is necessary to improve the pinning behavior of MgB2 superconductor by all possible 

means. Chemical doping often provides an effective way to meet this requirement, for example, the flux-

pinning behavior and Jc have been improved by chemical dopants, such as Zr, Ti, nanodiamond, C, SiC, 

Y2O3 [2–7]. Furthermore, magnetic-elements such as Mn, Fe, Co, Ni [8–10] have also been doped into 

MgB2, but these magnetic elements often suppress the superconductivity and degrade its performance in 
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a magnetic field due to the existence of a local magnetic field. Rare-earth elements (RE) often possess a 

strong magnetic moment, however, it seems that they do not suppress the superconductivity of MgB2  

[6, 11]. Recently, it is reported that Dy2O3-doped MgB2 shows a significantly enhanced Jc in a low or 

medium field (2–4 T) [11]. 

 The doping effects of rare-earth elements in MgB2 have not been so intensively studied. More studies 

are necessary to explore the possible new approaches of improving the performance of MgB2 by rare-

earth element doping. For this purpose, the doping effect of Pr6O11 on the superconductivity and flux 

pinning of MgB2 is studied in this work. The reasons that Pr6O11 is chosen as the dopant in this work 

include: (1) Pr often exhibits a complex valence state, different from Y2O3, thus Pr doping may result in 

some unexpected results; (2) Pr often exhibits a strong magnetic moment, thus it is helpful to investigate 

the effect of magnetic ions of a rare-earth element on Tc and other superconducting properties of MgB2; 

(3) Pr has a strong suppression on Tc of HTS, thus it is interesting to note if such a suppression exists in 

the MgB2 system. 

2 Experimental 

A series of Pr6O11-doped MgB2 samples with mass ratios of MgB2 :Pr6O11 = (1 – x) :x (x = 0, 0.01,  

0.03, and 0.05) were prepared by solid-state reaction at ambient pressure. Mg (99%), B (amorphous, 

99.9%), Pr6O11 (99.9%) nanopowder (100 nm) were mixed and pressed into cylinders with a diameter  

of 10 mm under a pressure of 10 MPa. Then the pressed samples were wrapped in Fe foil and sintered  

at 750 °C for 1 h in flowing Ar, and finally cooled to room temperature in a tube furnace. An excess of 

Mg powder was added simultaneously around the samples to compensate the loss of Mg due to its 

evaporation at high temperature. In the experiment, the MgB2 samples with a density of 1.35 g/cm3  

in undoped and approximately 1.42 g/cm3 in the doped samples have been obtained. The crystal structure 

was investigated by XRD (X’Pert Pro, PANalytical) with Cu Kα radiation. The magnetic property  

of samples were measured over a temperature range of 5–45 K using a physical properties measurement 

system (PPMS, Quantum Design), and the magnetization measurements were performed with a  

1 mT applied field in zero-field cooling (ZFC). The magnetic Jc was calculated from the width, ∆M,  

of the magnetization loops (M–H) using the Bean model [12], Jc = 20 ∆M/[a′(1 – a′/3b′)], where a′ and  

b′ are the dimensions of the sample perpendicular to the direction of the applied magnetic field  

with a′ < b′. Hirr values were determined from the closure of the hysteresis loops with a criterion of  

Jc = 102 A cm−2. 

3 Result and discussion 

Figure 1a shows the XRD patterns of the Pr6O11-doped and undoped MgB2 samples. Besides MgB2 

phase, small quantities of MgO and PrB6 are indicated. There are no peaks corresponding to Mg, B or 

Pr6O11 observed. This is quite different from the situation in Y2O3-doped MgB2 in which most of the 

Y2O3 dopant is not decomposed [6]. This result is also different from Dy2O3-doped MgB2 in which the 

main impurity phase is DyB4, other than DyB6 [8], indicating that the Pr doping has a different effect on 

the phase structure of the doped MgB2. The detailed XRD results show (Fig. 1b), that (100) and (002) 

reflections shift towards low diffraction angles for Pr6O11-doped samples. The doping-level dependence 

of the lattice constants for the Pr6O11-doped MgB2 is shown in Fig. 2 from which an expansion  

of the a-axis and c-axis lattice parameters can be clearly seen. This indicates that Pr has partially substi-

tuted Mg, forming a (Mg,Pr)B2 alloy. Although the lattice parameters increase with doping level, this 

increase soon becomes saturated, indicating a small solid solubility of Pr in MgB2. This may be why the 

amount of PrB6 increases rapidly with doping level, as shown by the rapid increase of the intensity of 

PrB6 reflections in the XRD patterns shown in Fig. 1a. It is evident that the influence of Pr6O11 doping on 

the crystal structure of MgB2 is quite different from that by doping with Y2O3 or Dy2O3 since Y2O3 or 

Dy2O3 cannot be doped into the MgB2 lattice but only form impurity phases mixed within the MgB2 

matrix. 
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Fig. 1 (a) XRD patterns of Pr
6
O

11
-doped MgB

2
 with doping levels of 0, 1, 3, and 5 wt%. (b) The [100] 

and [002] reflections for Pr
6
O

11
-doped and undoped MgB2 samples, which shows that the reflection shift 

to lower diffraction angle with increasing doping level. 

 

 Figure 3 shows typical results of the temperature dependence of magnetization for the Pr6O11-doped 

MgB2 samples. All of these samples show a sharp superconducting transition with a Tc spanning a small 

range of 35–38 K, indicating a good quality and uniformity of the samples. With increasing doping 

level, Tc is slowly but steadily depressed (see the inset of Fig. 3). This slow suppression of Tc is consis-

tent with the slow increase of lattice parameters with doping level, and may be regarded as the conse-

quence of the partial substitution of Pr at Mg site. It is obvious that the suppression of Tc by Pr doping is 

not serious because Pr doping does not directly affect the boron sheet that is believed to be responsible 

for superconductivity in MgB2. For example, compared to the undoped MgB2 sample, the Tc of the 

1 wt% Pr6O11-doped sample drops by 0.2 K. This very moderate suppression of Tc by Pr doping might 

suggest that the pair-breaking effect of the magnetic moment of the rare-earth element is not striking in 

MgB2. However, as reflected by the changes of Tc and the lattice parameters, Pr doping is quite different 

from Y or Dy doping, which have no influence on the crystal structure and Tc of MgB2. 

 The variation of Jc with applied magnetic field at 10, 20, and 30 K for the doped and undoped samples 

is shown in Fig. 4a. At the low doping level of 1 wt%, Pr6O11 doping has clearly improved the Jc per-

formance at all temperatures comparing with the undoped sample, although the Tc of Pr6O11-doped sam-

ple is slightly lower than that of the undoped one. For example, at 10 K, the Jc for the 1 wt% Pr6O11-

doped one reaches 1.6 × 105 A/cm2 at 0.5 T and 4.5 × 104 A/cm2 at 2 T, respectively, whereas the Jc of 

the undoped was 1.2 × 105 A/cm2 at 0.5 T and 3.3 × 104 A/cm2 at 2 T. However, as the doping level in-

creased, the improvement of Jc(H) by Pr6O11 doping is no longer pronounced. At a doping level of 

3 wt%, the doped sample has a slightly higher Jc than the undoped one in the low-field region, but the Jc 
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Fig. 2 Variation of the lattice parameters a and c 

with doping level for Pr
6
O

11
-doped MgB2. The solid 

lines are guides to the eye. 
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in high field is lower than that of the undoped sample. At a doping level of 5 wt%, the Pr6O11-doped 

sample performs worse than the undoped one at all temperatures and in the whole magnetic field range in 

this study. The Pr6O11-doping effect on the irreversibility behavior of MgB2 shows a similar feature as 

that on Jc. As can be seen in Fig. 4b that illustrates the variation of Hirr (10 K) with doping level, the Hirr 

(10 K) value increases at low doping level, reaches 7.2 T at the 1 wt% doping level (for comparison, the 

undoped one has a Hirr of 6.9 T at 10 K), but soon decreases with further increasing doping level. An-

other phenomenon worthy of note is that there is a correlation between the full width at half-maximum 

(FWHM) of the (100) peak in the XRD pattern with the irreversibility field for the samples studied in 

this work. As shown in Fig. 1b, the FWHM of the (100) peak varies with the doping level. What is inter-

esting is that both the FWHM of the (100) peak and Hirr vary with doping level in a very similar way, as 

shown in Fig. 4b. When Hirr is high, the (100) peak of the corresponding sample is significantly broad-

ened, and vice versa. Because the (100) peak of MgB2 reflects the lattice constant of a honeycomb boron 

sheet in the MgB2 structure, the broadening of this peak may suggest the occurrence of some distortion 

of the sheet. This result is consistent with the report of Yamamoto et al. [13] who observed that the 

FWHM of the (110) peak, which also corresponds to distortion of the honeycomb boron sheet in MgB2, 

has a positive correlation with the Hirr of MgB2, that is, Hirr increases with increasing FWHM of the (110) 

peak. Because the honeycomb boron sheet is responsible for the superconductivity in MgB2, a distortion 

of the sheet may result in imperfection-induced-scattering for charge carriers, thus an enhanced Hc2. 

Therefore, the underpinning mechanism behind the correlation between FWHM of the (100) peak and 

Hirr should be the impurity-induced enhancement of Hc2. For the sake of comparison, the mass density, 

Tc, ∆Tc, Hirr and Jc data for samples studied in this work are summarized in Table 1. 

 As is well known, the behavior of Jc of a superconductor at high magnetic field is largely governed by 

both the flux-pinning force and the strength of upper critical  field.  For  MgB2,  carbon doping usually  

 

Table 1 Summary of mass density, T
c
, ∆T

c
, H

irr
 and J

c
 data for samples studied in this work. 

sample Pr6O11 

(wt%) 

density 

(g/cm3) 

mid

c
T   

(K) 

∆Tc  

(K) 

Hirr, 10 K 

(T) 

Jc,10 K, 2 T 

(A/cm2) 

1 0 1.35 36.4 1.9 6.9 3.0 × 104 

2 1 1.42 36.2 1.8 7.2 4.5 × 104 

3 3 1.40 36.0 1.8 6.6 3.3 × 104 

4 5 1.40 35.6 2.1 6.5 2.1 × 104 

Fig. 3 Volume magnetization vs. temperature 

curves for Pr
6
O

11
-doped MgB

2
 with doping levels of 

0, 1, 3, and 5 wt%. Measurement was done in 1 mT 

in the ZFC process. Inset: Variation of supercon-

ducting transition temperature T
c
 (at onset and mid-

dle point) with doping level for Pr
6
O

11
-doped MgB

2
. 
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Fig. 4 (a) Magnetic-field dependence of critical current density J
c
 at various temperatures for Pr

6
O

11
-doped MgB

2
 

with various doping levels. (b) Variations of irreversibility field H
irr

 (10 K) and FWHM of (100) peak with doping 

level Pr
6
O

11
-doped MgB

2
. A positive correlation between H

irr
 and the FWHM of the (100) peak can be clearly  

seen. 

 

affects the conduction band, resulting in an enhancement of impurity scattering, and, consequently, an 

improvement the Hc2 [14]. Therefore, although the Tc of MaB2 is suppressed by carbon doping, the Jc(H) 

behavior is largely improved, especially at high fields. In the present study, the dopant occupies the Mg 

site other than the boron sheet that is responsible for electron conduction and the superconductivity. 

Therefore, Pr doping in MgB2 may only slightly affect the electron scattering. As a consequence, the Tc 

is depressed slightly, and Hc2 may also be affected insignificantly. This may explain why the improve-

ment of Jc and Hirr in Pr6O11-doped MgB2 is not as pronounced as that in carbon-doped MgB2. Also, dif-

ferent from Y2O3- or Dy2O3- doped MgB2 [6, 11] where Y2O3 (or DyB4) nanoparticles serve as pinning 

center for magnetic flux, Pr6O11 nanoparticles has decomposed and formed PrB6, as revealed by XRD 

analysis (see also Fig. 1a), thus they cannot be expected to serve as nano-pinning centers in the present 

system. TEM analysis (the results are not shown here) indicating that the PrB6 is mainly segregated at 

grain boundary region of MgB2, which is quite different from the microstructure of nanodiamond or 

Y2O3-doped MgB2, where the nanoparticles are inserted in the MgB2 matrix. Therefore, the improved 

flux-pinning behavior in our samples can be mainly attributed to the Pr-doping effect in Mg sites, other 

than the flux pinning being severed by secondary phases. In addition, the segregation of PrB6 at grain 

boundaries may degrade the MgB2 grain connection, which may be why Jc decreases with an increased 

amount of PrB6 in Pr6O11-doped MgB2. 

4 Summary 

In summary, Pr6O11-doped MgB2 samples with various doping levels were prepared by solid-state reac-

tion at ambient pressure. Pr6O11 doping affects the crystal structure of MgB2, resulting in a systematic 

increase of the lattice constants with increasing doping level, thus suggesting a partial substitution of Pr 

for Mg in MgB2 crystal structure. As a result, the superconducting transition temperature, Tc, of MgB2 is 

slightly but steadily suppressed. At a low doping level of 1 wt% Pr6O11, the critical current density, Jc, 

and the irreversibility field, Hirr are improved. High-level doping (>3 wt%) of Pr6O11 in MgB2 is harmful 

for the performance of MgB2 in high magnetic fields due to the segregation of PrB6 at the grain bounda-

ries of MgB2 grains, which degrades the grain connection. 
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