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Abstract Samples of MgB2 pure phase, with Ni nano-

particles addition, were prepared using a solid diffusion

reaction method. Clearly, the Ni nanoparticles act as effec-

tive pinning centers and enhance the critical current density

values, especially for a sample with 0.5%Ni. A negligible

amount of Ni diffuses inside the MgB2 grains, thus having

a small effect on the transition temperature, which remains

around 37.5 K.

Introduction

Since the discovery of superconductivity in MgB2 [1],

several studies have explored possible ways to improve its

properties, like the critical current density (Jc), in small

samples as well as long wires [2–4]. The relatively small

anisotropy of the superconducting properties [5, 6] and the

simple preparation of good samples [2] provided strong

motivations towards MgB2 applications. However, it was

quickly established that effective pinning centers had to be

added into the material microstructure [7], in order to halt

the intense dissipation produced by flux movements.

The MgB2 coherence length n0 = 5 nm (at T = 0 K)

[2, 6] allows the use of most commercially available

nanoparticles as pinning centers, since they can fit effec-

tively in a vortex core diameter of size 2n, where [8] n ¼
n0ð1� T=TcÞ�1=2: In fact, several studies have been pub-

lished [9–16] showing favorable effects of nanoparticles

additions to the MgB2 compound. The best results reported

so far are due to SiC nanoparticles addition, which can

improve substantially the Jc(H) performance associated

with an increase of the irreversibility field (Hirr) [9–11].

In this paper we analyze the pinning of vortex lines and

the effects on Jc, in MgB2 samples that contain small

amounts of Ni nanoparticles (nano-Ni), with sizes in the

range of 5–20 nm including a thin NiO layer that ranges

from 0.5 to 1.5 nm in thickness [17]. In this case, besides the

fact of particle sizes matching vortex cores, we also expect a

stronger interaction due to magnetic pinning [13, 16].

Samples preparation and characterization

Initially, the pure MgB2 compound was prepared from a

stoichiometric mixture of Mg and B powders that were

pressed and reacted in a furnace for 5 h at 800 �C, under

argon atmosphere. This cycle was repeated two more

times, after grinding and milling the reacted material. Next,

five samples were prepared by milling and mixing the

reacted material with a nano-Ni powder, using mass frac-

tions of 0.5%, 1%, 2%, 3%, and 5%. Finally, each MgB2 ?

x%Ni sample was pressed and sintered into the shape of

a small bar, in a furnace at 800 �C, for 5 h, under argon

atmosphere.

X-Ray Diffraction (XRD) analysis was done in all

samples, using CuKa radiation. The diffractograms shown

in Fig. 1 attest the good quality of all samples, with prac-

tically all peaks belonging to the pure MgB2 phase (0%Ni).

A few small impurity peaks were indexed to MgO (2h =
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43.5�, 62.4�, and 78.7�), to Ni (2h = 44.4� and 51.7�) and

some unknown peaks appear at 2h = 26.7�, 32.0� and

41.0�. We were not able to find any compound involving

any combination of the candidate elements Ni, Mg, B, and

O that could match the unknown peaks. Our search was

performed using the Metals Database CRYSTMET (Ver-

sion 4.3.0), from Toth Information Systems, Inc. The very

small peaks indexed to pure Ni are clearly seen only for the

samples with x C 3%Ni. This could be explained by the

fact that most of the nano-Ni powder is delivered in an

amorphous state [17], and the reaction and sintering

annealings were done at the temperature of 800 �C, much

less than the nano-Ni melting point (Tm = 1455 �C) [17].

Energy dispersive scanning electron microscopy

(ED-SEM) was employed to observe the grains morphology

in the fractured surface of the samples, as shown in Fig. 2,

for sample MgB2 ? 5%Ni. The matrix is porous and the

grain linear size (d) is typically around 5 lm for all samples.

A similar porous structure was reported recently [18] for in

situ processed MgB2, reacted at 800 �C. This was attributed

to a possible Kirkendall mechanism (difference in the dif-

fusivity between Mg and B), combined with possible cap-

illary movement of melted magnesium [18].

In this study, we are especially motivated to explore

the effect on pinning strength, due to the nano-Ni addition,

at high fields and at temperatures closer to Tc. A good

parameter to evaluate quantitatively this effect is the crit-

ical current density (Jc) calculated through Bean’s Critical

State Model [19]:

JcðHÞ ¼
30 � jDMj

d
ð1Þ

where DMj j is the width of the magnetization hysteresis

loop, and d is an average of the linear size of sample

grains. Although Eq. 1 is derived for an infinite cylinder

of diameter d, it also produces useful estimates of Jc for

granular samples. In this work, we have used d = 5 lm

and DMj j values extracted directly from the M(H)

curves.

Results and discussion

Figure 3a reveals narrow magnetic transitions between the

normal and superconducting states, around Tc = 37.5 K,

for all MgB2 ? x%Ni samples. The pure MgB2 sample

presented the highest Tc = 38 K, which is close to the

value of 39 K expected for a pure phase [1]. In Fig. 3b one

sees that Tc is weakly affected by the nano-Ni addition. The

main Tc depression, reaching a maximum of about 0.9 K,

happens for concentrations up to around 2%Ni. For the

samples having larger Ni contents Tc oscillates around

37.1 K, with a jump to about 37.3 K for MgB2 ? 3%Ni.

The error bars appearing in Fig. 3b represent the transition

widths (10–90%). Our general conclusion is that only a

small amount of Ni atoms actually penetrates in the MgB2

pure grains, thus having a negligible effect on Tc.
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Fig. 1 X-ray diffraction patterns measured at T = 300 K. A few

small impurity peaks were indexed to MgO (2h = 43.5�, 62.4�, and

78.7�) and Ni (2h = 44.4� and 51.7�). The two vertical dashed lines
indicate undetectable changes in the MgB2 lattice parameters, due to

nano-Ni addition

Fig. 2 ED-SEM photograph from a fractured surface of sample

MgB2 ? 5%Ni
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We expect that almost all Ni atoms are located between

MgB2 grains, since it is known that there is only a small

diffusion of Ni inside MgB2 for T [ 980 �C [20]. Possible

second phase candidates at this high temperature region

would be NiB and Mg2Ni [21]. Therefore, in our conditions

with T = 800 �C and small Ni contents (x \ 5%) we

expect a very small amount of Ni dissolved in the MgB2

matrix. Consistent with this fact all XRD peaks belonging

to the MgB2 phase fall in the same angular positions (see

the vertical dashed lines in Fig. 1), independently of the Ni

content, thus indicating no effect of solid solution on the

MgB2 lattice parameters. Further, none of the impurity

peaks belongs to NiB or Mg2Ni compounds.

The magnetization hysteresis loops are shown in the

isothermal M(H) curves of Fig. 4a, b, respectively, for

T = 5 and 30 K. The discontinuities, or flux jumps, that

occur mainly at low fields and low temperatures, are

caused by thermomagnetic instabilities [7], very typical

in MgB2. Usually these instabilities can be reduced or

suppressed by strong vortex pinning, combined with the

addition of large fractions of high thermal conducting

materials, like copper or silver, as typically employed in

superconducting wires.

Figure 5 shows the Jc(H) curves, calculated with Eq. 1,

respectively for T = 5 and 30 K (inset). Similar curves

were also obtained for T = 10 and 20 K, for all samples

(not shown here). Figure 6 shows that as T increases the

isothermal Jc(H) curves becomes shifted to lower Jc values,

as expected. Although Fig. 6 refers only to the sample

MgB2 ? 0.5%Ni, this is actually a common feature of all

samples.

Clearly, the nano-Ni addition to MgB2 enhances the

Jc(H) performance, with the best results occurring for the

sample with 0.5%Ni. This concentration possibly repre-

sents the best compromise between a favorable magnetic

pinning of vortices and an unfavorable depression of Tc.

Both factors are known to influence the pinning force [22],

which is directly related to Jc. Relatively high Jc values

were observed for sample MgB2 ? 0.5%Ni; one example

is Jc = 1.3 9 106 A/cm2 at T = 5 K and H = 20 kOe. We

found also that the performance of sample MgB2 ? 3%Ni

was slightly better than the 0.5%Ni sample, as seen in

the inset of Fig. 5 especially for H [ 5 kOe. This is an
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Fig. 3 a Magnetic moment as a function of temperature, showing

sharp transitions between the normal and superconducting states

around 37.5 K; b Tc as a function of Ni content. The error bars
represent transition widths (10–90%)
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Fig. 4 Isothermal magnetization curves, measured at a 5 K and

b 30 K. The discontinuities occurring at low fields for T = 5 K are

caused by thermomagnetic instabilities
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unexpected behavior when comparing with all the other

samples. Searching for a possible cause, we found that

the 3%Ni sample has a specific mass of 1.27 g/cm3, about

11% higher than the observed for the other samples

(1.14 g/cm3), possibly due to some adverse processing

parameter. Therefore, sample MgB2 ? 3%Ni possibly has

a better connectivity between its grains, favoring higher

induced Jc values.

Comparing our results for the sample MgB2 ? 0.5%Ni

with the literature, at T = 5 K and H = 60 kOe we have

Jc = 2.6 9 104 A/cm2, while for the best sample with

nano-TiO2 addition [15] it was found 4 9 103 A/cm2, and

for the best sample with nano-SiC addition [9, 11] it was

found *105 A/cm2. Extending the comparisons to other T

and H values we conclude that our best results for Jc are

roughly four times below the best results in the literature

for nano-SiC addition, and at least six times above the best

results for nano-TiO2 addition.

Conclusions

Pure phase MgB2 was prepared using a solid diffusion

reaction method, starting from a mixture of Mg and B

powders. Several samples were obtained by milling, mix-

ing, and sintering the reacted MgB2 with different contents

of nano-Ni powder. Sharp transitions to the superconduc-

ting state were observed with relatively high critical tem-

peratures (Tc) near 37.5 K. The nano-Ni addition had a

limited effect on Tc, producing a maximum depression of

about 0.9 K for concentrations around 2%Ni. On the other

hand, the nano-Ni addition to MgB2 clearly enhanced the

critical current density (Jc), with the best results occurring

for the sample with 0.5%Ni. Our best values for Jc

(e.g., 2.6 9 104 A/cm2 at T = 5 K and H = 60 kOe) are

roughly four times below the best results found in the lit-

erature for nano-SiC addition [9, 11], and more than six

times above the best results for nano-TiO2 addition [15].

Acknowledgements The authors would like to thank the technical

staff from the Geosciences Institute of Unicamp for the SEM work,

and the technical staff from the LIEC/UNESP/Araraquara for the

AFM and MFM images. O. F. de Lima, K. B. Vieira and E. Moschim

acknowledge the financial support from Brazilian Science Agencies
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