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Abstract The (MgB2)1-xCox composite tapes fabricated

by the ex situ PIT method were investigated. The structural

and magnetic properties were characterized. Only MgB2

and Co phases were observed in the composites while

x B 0.2. A superconducting transition temperature was

stable for these samples. Enhancement of the critical cur-

rent density is found for x = 0.1.

1 Introduction

Since the discovery of superconductivity on MgB2 with a

critical temperature of 39 K [1], many studies have been

made to increase the ability of MgB2 to sustain supercon-

ductivity at high magnetic fields with a high current density.

The critical current density, which is related to pinning of

Abrikosov vortices, can be enhanced by formation of struc-

tural defects acting as pinning centers. Composites including

a superconductor and non-superconducting ingredients

are prepared to increase the pinning [2–7]. However non-

superconducting additions may penetrate in the MgB2 lattice

and decrease the superconductor transition temperature.

Much attention has been focused on magnetic particles in

superconducting matrix [8–14]. It is supposed that the

increase of magnetization hysteresis in superconducting

materials may be greater for magnetic inclusions than for

non-magnetic ones. It is due to the flux interaction with

magnetic impurities in superconducting materials [10]. Also

there is fundamental interest to study interplay of super-

conductivity and magnetism in such composites where

the ferromagnetic component influences ambiguously on

superconducting properties.

Co is good candidate for the ferromagnetic component

of the composite with MgB2 because it is chemically stable

enough and has high Curie temperature and a saturation

magnetization. There were several studies on the MgB2 ?

Co composites early [15–19]. Unfortunately the super-

conducting transition temperature decreases as Co content

increases. Also, high Co adding in MgB2 may result in

formation of the amorphous CoB phase in the samples [15–

17]. Pinning enhancement was not found in these

MgB2 ? Co composite, on the contrary Co addition was

found to weaken pinning in MgB2 [17, 18].

In this study, we successfully synthesized the MgB2 ?

Co composite tapes with different Co content by the

powder-in-tube (PIT) method and characterized their

structure and magnetic properties.

2 Experimental section

The composite tapes with nominal composition of

(MgB2)1-xCox (x = 0.0, 0.005, 0.01, 0.03, 0.05, 0.07, 0.1,

0.2, 0.3 and 0.4) were fabricated using ex situ PIT method.

High purity commercial MgB2 (Alfa Aesar Co.) and Co

powders were mixed in the agate mortar for 10 h under Ar

atmosphere. The mixed powders were tightly filled into

silver tube of 1–3 cm length, 5 mm inner and 5.5 mm outer

diameters under Ar atmosphere. The Ag-tubes with filled
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powders were cold-pressed under a loading of 8 tons and

rolled to obtain the tapes with the thickness of 0.4 mm and

the width of about 5 mm. The tapes were heat treated at

630 �C for 24 h with a heating/cooling rate as 10 �C/min

under Ar atmosphere. Rigaku RadB X-ray diffractometer

with Cu Ka radiation (k = 1.5405 Å) was used to charac-

terize the structure of all the samples. The scan speed of

2� per min in the range of 3�–80� was selected during the

measurements. The microstructure of the tapes was

investigated by using scanning electron microscopy (SEM)

with Leo Evo-40 VP scanning electron microscope. DC

magnetization and magnetic hysteresis measurements were

performed by Cryogenic Q-3398 vibrating sample mag-

netometer. The superconducting transition temperature of

the tapes was defined as the temperature at which a dia-

magnetic signal appears on M(T). In the magnetic hyster-

esis experiments, the measurements were carried out at

three different temperatures (10, 20 and 30 K) and mag-

netic field up to 7 T.

3 Results and discussion

Figure 1 shows a typical X-ray diffraction (XRD) pattern

of (MgB2)1-xCox composite at room temperature. All the

intense peaks can be indexed assuming a hexagonal unit

cell of MgB2 with lattice parameters listed in Table 1.

Williamson-Hall method [20] was used to estimate the

average size and the strain of MgB2 crystallites (Table 1).

The average crystallite size is about 40 nm in all samples.

The nanocrystalline nature of investigated MgB2 may be

the reason of slightly enhanced lattice parameters in

comparison with literature data [21]. The MgB2 lattice

parameters of composites are constant both for the pure

MgB2 and for composite tapes with different Co fraction.

It implies that the Co atoms do not penetrate in the MgB2

lattice.

At XRD pattern for the sample with x = 0.1 the reflex

near 44.2� is referred to Co particles with the fcc lattice

[22]. Realization of the fcc lattice means that the size of the

Co particles should be B20 nm, because this structure is

unstable for larger Co particles [23].

Scanning electronic microscopy (SEM) images of the

samples with x = 0, 0.005, 0.01 and 0.1 are presented in

Fig. 2. The sample with x = 0 is composed of pure MgB2

grains with sizes distributed from *0.1 to 2 lm and an

average size *1 lm. Also some porosity is observed. The

samples with x = 0.005, 0.01 and 0.1 have similar SEM

images. White regions indicating Co are spreading in the

sample with increasing Co content. These samples have

some smaller MgB2 grain size and higher porosity.

The XRD and SEM data result that Co atoms aggregated

at nano-sized particles covering the MgB2 grains.

Temperature evolution of the magnetization is presented

on Fig. 3. The superconducting transition temperature of

39.0 ± 0.3 K was obtained for all samples with x B 0.2.

Decrease of the superconducting transition temperature is

observed for the samples with x C 0.3. Magnetization

loops of (MgB2)1-xCox composite tapes are presented in

Fig. 4 for x = 0, 0.05 and 0.1 at T = 10, 20 and 30 K and

for x = 0.2, 0.3 and 0.4 at 30 K. As seen, the M(H) curves

of the composite tapes are formed by superconducting MSC

and ferromagnetic MFM contributions. Saturation and

coercivity are regulated by shares of MSC and MFM. Let us

express the net magnetization of the tapes as M(H) =

(1-xm) MSC(H) ? xm MFM(H), where xm is the mass

fraction of Co for M in emu/g units. We expected that a Co

addition modifies the MSC(H) dependence in comparison

with the M(H) loop of the pure MgB2 tape. To verify this

suggestion the ferromagnetic contribution were analyzed

firstly, and then we have extracted MSC(H) dependencies of

the tapes.

The M(H) curves of the tapes at high H are determined

by only the Co particles magnetization because the mag-

netization of the MgB2 grains at H [ 4 T was nearly zero.

Approach to saturation of ferromagnetic particles is

described by [24]:

MFM Hð Þ ¼ Msð1� 1=15ðHa=HÞ2Þ þ nH; ð1ÞFig. 1 XRD patterns of the (MgB2)1-xCox tapes

Table 1 Cell parameters, crystallite size D and internal deformations

e in (MgB2)1-xCox

x a (Å) c (Å) D (nm) e (%)

0 3.090 ± 0.003 3.532 ± 0.004 36 ± 5 0.24 ± 0.03

0.005 3.086 ± 0.002 3.526 ± 0.002 39 ± 6 0.28 ± 0.02

0.01 3.087 ± 0.003 3.527 ± 0.003 39 ± 5 0.28 ± 0.02

0.1 3.088 ± 0.002 3.529 ± 0.004 39 ± 5 0.26 ± 0.02
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where Ms is the saturation magnetization, Ha is the field of

the local magnetic anisotropy, n is the paramagnetic sus-

ceptibility. Expression (1) fits successfully the high field

parts of the M(H) curves at range 1–6 T (see Fig. 4 for the

samples with x = 0.2, 0.3, 0.4 at T = 30 K). The fitting

parameter Ha is about 0.9 T for these samples that is the

same as Ha of Co nanoparticles with the fcc lattice dis-

persed in the amorphous carbon [24].

Figure 5 demonstrates the saturation magnetization Ms

of the Co particles estimated from the magnetization of the

(MgB2)1-xCox composite tapes at H = 7 T. To obtain Ms

of the Co particles a small paramagnetic magnetization of

the pure MgB2 tape at 7 T is subtracted from the magne-

tization of the composite tape. Obtained values of mag-

netization are reduced to the mass of Co in the composite.

For the samples with x [ 0.1, the values of Ms are close to

the spontaneous magnetization of Co (160 emu/g). As

x decreases to 0.005, Ms decreases to 120 emu/g. Decrease

of the saturation magnetization for small x may be due to

presence of isolated Co nanoparticles. The smallest isolated

nano-sized Co particles would be superparamagnetic and

their contribution in magnetization is negligible at 7 T.

Also the Ms value may be reduced by the interface between

Co and MgB2 as its specific fraction increases with the Co

content decreases. Observed decrease of the Ms value

implies that there is no significant penetration of Mg or B

atoms to the fcc Co lattice. The magnetization of fcc Co-X

solid solutions decreases linearly with gradient *5 emu/g

per at.% [25, 26]. So the total concentration of Mg and B in

our Co particles is below 10 %). This means that the shape

of the MFM(H) dependence is the same for all investigated

composite tapes. The MFM(H) loop obtained is character-

ized by next parameters: the coercive field Hcoer & 400 Oe,

the remnant magnetization Mr & 0.13 Ms. The absence of

mutual chemical penetration of Co and MgB2 in our com-

posites and the constant shape of MFM(H) loop allow to

extract MSC(H) contribution as MSC(H) = (M(H) - xm

MFM(H))/(1 - xm).

Fig. 2 SEM images of the (MgB2)1-xCox system for a x = 0, b x = 0.005, c x = 0.01, d x = 0.1
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Figure 6 shows the extracted MSC(H) loops of the

composite tapes and the M(H) loops of the sample with

x = 0. It appeared problematic to extract MSC(H) for the

tapes with x = 0.3 and 0.4 because the MSC(H) response is

indistinguishable in comparing to the MFM contribution

where. The non-symmetric hysteresis with respect to the

M = 0 axis was obtained for the composite tapes. The

width of the M(H) loop of the sample with x = 0 is larger

in 1.5 times and its asymmetry with respect to the M = 0

axis is smaller than those of the MSC(H) loops of the

composite tapes at 10 K. All extracted MSC(H) dependen-

cies are nearly coinciding with each other at T = 10 K. At

higher temperatures this coincidence keeps only for the

tapes with x \ 0.1. At T = 20 K the MSC(H) loops of

the samples with x = 0.1 and 0.2 become wider than the

MSC(H) loops of other composite tapes. The M?(H) curves

of samples with x = 0.1 and 0.2 coincides with M?(H) of

other composite tapes at 10–30 K, here M?(H) is the

branch of MSC(H) dependence for decreasing H. At the

same time the M-(H) curves, which are the branch of

MSC(H) dependence for increasing H, are near coincident

at 20 K for the pure MgB2 tape and for the samples with

x = 0.1 and 0.2. At T = 30 K the M-(H) branches of the

samples with x = 0.1 and 0.2 are situated lower than

M-(H) of the tape with x = 0. Increase of diamagnetic

response of the MgB2 grains in the tapes with x = 0.1 and

0.2 is probably referred to magnetic percolation in the

system of Co particles [27].

The critical current density Jc of the samples were cal-

culated using Bean formula:

Jc ¼ 30
DM

2R
; ð2Þ

where DM = M? - M- is the magnetization width mea-

sured in emu/cm3 and 2R (in centimeters) corresponds

to a characteristic structural scale which may be a size of

crystallite, grain or sample. Magnitude of Jc is mainly

determined by choice a working scale [28]. Table 2 gives

the zero field Jc, Jc0, of the tape with x = 0 estimated for

different 2R scales and the MgB2 density q = 2.57 g/cm3

at T = 10 K. The values of Jc0 obtained by using the size

of the crystallite and the sample look correspondingly

overestimated and underestimated.

To make specified estimation of 2R we analyzed an

asymmetry of the magnetization loops with respect to the

M = 0 axis. The extended critical state model [29] was

applied to fit the MSC(H) loops. Two fitting parameters are

used in the model [29]: a1 = jcR, determining the width of

a magnetization loop, and a2 = ls/R, determining its

asymmetry. Here jc is the maximal local critical current

density, ls is the depth of an equilibrium surface layer, and

R is the radius of circulation of a screening supercurrent. It

is supported [29] that ls is about the London penetration

depth, which is 48 nm for the higher gap of MgB2 [30].

The value of a2 was estimated to determine 2R. Solid lines

on Fig. 6 were computed with a2 increasing from 0.08 at

10 K to 0.1 at 30 K for the pure MgB2 tape and from 0.18

at 10 K to 0.2 at 30 K for the composite MgB2 tapes with

x B 0.1. Successful fitting of the MSC(H) loops confirms

that temperature evolution of pinning in MgB2 grains is

similar to one in BSCCO [29, 31]. At the same temperature

range a2 keep to be equal to 0.18 for the MSC(H) loops of

the composite tapes with x = 0.1 and 0.2 such that the

pinning is weakly affected by the temperature in this tapes.

Given a2 = 0.08, 2R is appeared to be equal to

1.2910-4 cm that is about the average grain size of 1 mkm

estimated from SEM images. Therefore the grain size is a

key scale for magnetization of the investigated tapes.

Figure 7 demonstrates the intragrain critical current density

of the tapes estimated at H = 0, using 2R = 1 lm. The

pure MgB2 tape has the Jc0 = 3.49107 A/cm2 that is

comparable with the best magnetic Jc0 of MgB2 [2]. The

composite tape with x = 0.1 has a smaller value of Jc0 at

10 K, Jc0 = 2.29107 A/cm2. But influence of temperature

Fig. 3 Temperature dependence of magnetization of the (MgB2)1-x

Cox tapes at H = 0.1 T
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and magnetic field on Jc in the MgB2 ? Co tapes with

x = 0.1 and 0.2 is observed to be weaker than in the tapes

with x \ 0.1. The tape with x = 0.1 has Jc0 = 1.329107

A/cm2 at T = 30 K which is larger than Jc0 = 1.099107

A/cm2 in the pure MgB2 tape. At higher field pinning

differs more noticeably, e.g. at H = 1 T, Jc = 1.69106

A/cm2 at 30 K compared to 1.959105 A/cm2 in the pure

MgB2 tape.

The composite tapes have the smaller width of the

MSC(H) loops at 10 K than the pure MgB2 tape. It may be

caused by next reasons: (1) Magnetic moment of ferromag-

netic particles is expected to suppress superconductivity

[32]. In this case the decreasing of the MSC(H) loop width

must correlate with the value of Co fraction. However we

found that the MSC(H) loops are nearly the same for different

x \ 0.1. Simple estimation of the internal field produced by

the ferromagnetic component is given by Hin = H –

N9Ms9x, where Hin is the internal field, N is demagnetiza-

tion factor, Ms = 1,445 emu/cm3 for Co. Given composites

are macroscopically isotropic, N = 4/3p. For x = 0.1 we

found Hin = 0.06 T that is negligible at high fields. Super-

conductivity is remarkable suppressed in the tapes with

x [ 0.2. (2) The porosity of the sample and the average size

Fig. 4 Magnetization loops of the (MgB2)1-xCox tapes. Solid lines are fitting curves computed by (1)

Fig. 5 Saturation magnetization Ms of the Co particles in the

(MgB2)1-xCox tapes
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of superconducting grains may differ for the virgin MgB2

tape and the composite tape. Porosity does not decrease the

absolute values of magnetization in emu/g units. It follows

that only some decreasing of grains during the composite

tape preparation may only explain the smaller width of the

MSC(H) loops.

We support that to improve the critical current the nano-

sized Co particles should be distributed on the surface of

superconducting grains. Combination of surface magnetic

pinning particles and volume pinning centers is promising

perspective for applied superconductors.

4 Conclusions

The (MgB2)1-xCox tapes were synthesized by PIT tech-

nique. Characterization of structure and magnetic proper-

ties at temperatures of 10–30 K were performed. The Co

nanoparticles spread in the composite and their saturation

magnetization increases and approaches to 160 emu/g as

Co content increased. An interpenetration of Co and MgB2

in the tapes and a decrease in transition temperature were

avoided for x B 0.2.

The magnetization loops of the composite tapes were

considered as sum of superconducting MSC and ferromag-

netic MFM components. The extended critical state model

was used to analyze the asymmetric magnetization loops

and choose the scale of the supercurrent circulation. It was

observed that the critical current density of the composite

tapes does not depend on x for small addition of Co

(x \ 0.1). Maximum of critical current density in the

MgB2 ? Co tapes is found for x = 0.1 (2.29107 A/cm2 at

H = 0, T = 10 K). For the tapes with x C 0.3 the critical

current density falls down.
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Fig. 6 Magnetization of the superconducting component. Solid lines
are fitting curves of the extended critical state model

Fig. 7 Critical current density of the (MgB2)1-xCox tapes at H = 0

(full symbols, solid connecting lines) and H = 1 T (empty symbols,

dotted connecting lines)

Table 2 Estimations of the critical current density of the MgB2 tape

at T = 10 K for different scales of the supercurrent circulation, 2R

Structural scale 2R [cm] Jc0 [A/cm2]

crystallite 4910-6 8.59108

grain 1910-4 3.49107

sample 0.5 6.89103
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