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The crystal structure and the superconductivity for samples Mg(B1−xCx)2 (0≤ x ≤0.09) prepared by a hybrid

microwave synthesis have been investigated. The starting material B10C is also obtained by using the microwave

method. The carbon can distribute uniformly in the Mg(B1−xCx)2 samples because boron and carbon are mixed on an

atomic scale in the staring material B10C. The dependences of both lattice parameters and superconducting transition

temperature Tc on carbon content accord with those reported in the literature. The upper critical field Hc2 at 20 K

can be enhanced from about 4.3T for x = 0 to 10T for x = 0.05. The critical current density Jc of Mg(B0.95C0.05)2 is

1.05 × 104 A/cm2 at 20 K and 1T.
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Since the discovery of its superconductivity,

MgB2
[1] has aroused the interest of the researchers

worldwide, for its critical temperature Tc has been

the highest among simple binary compounds up to

now. In addition to its high Tc, MgB2 has other ad-

vantages in practical applications such as low cost of

the raw materials, high upper critical field (Hc2), and

critical current density (Jc) obtainable by chemical

doping.[2−4] The pioneer research on carbon-doping at

the boron sites was reported by Paranthaman et al.[5]

The carbon doping into MgB2 can lead to a gradual

decline in Tc up to x = 0.1, beyond which Tc drops

dramatically.[6] With the increase of carbon content,

the lattice parameter a decreases linearly, while the

lattice parameter c is virtually unchanged.[7] Senkow-

icz et al have obtained a linear relationship between

the a-axis length and carbon content x by summa-

rizing the results in Ref.[8]. The Hc2 (T = 0) of

Mg(B1−xCx)2 wire reported by Wilke et al [9] can be

raised in a field of 5 T, with 1% C substituted for B.

The Jc of bulk MgB2 samples can be improved by 1

to 2 orders of magnitude by the carbon doping.[10,11]

Generally, for the application of superconductors, it

is worthwhile to study the effect of carbon doping

on the crystal structure and the superconductivity of

Mg(B1−xCx)2, especially, with lower carbon contents

(x < 0.1).

At the early stage, the starting materials were

usually pure Mg, amorphous B and C powders to pre-

pare carbon-doped MgB2. As the carbon and boron

cannot be mixed on an atomic scale, the inhomoge-

neous and incomplete carbon incorporation usually

appears.[12] Ribeiro et al [13] have reported that carbon

can be uniformly substituted for boron by using B4C

as a precursor. From the B–C phase diagram,[12] the

stable binary compound with a maximum atom ratio

of B : C is B10C. In order to investigate the lower car-

bon doping level in MgB2 (x < 0.1 for Mg(B1−xCx)2),

the B10C is used as a carbon source in this paper.

Usually, the Mg(B1−xCx)2 bulk samples are pre-

pared in sealed tantalum and quartz tubes or by high

pressure sintering.[5,14] Although these methods are

very useful, they have some shortcomings for repeti-

tive manufacturing due to the high cost of energy and

materials. In recent years, the microwave processing

has been used extensively for material synthesis, for it

is clean, time saving and high energy efficiency.[15,16]

We have successfully prepared the MgB2 superconduc-

tor by a hybrid microwave synthesis,[17] and here in

the present study we adopt this technique to synthe-
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size Mg(B1−xCx)2. The dependences of crystal struc-

tures and superconductivity on carbon-doped MgB2

are investigated.

Samples Mg(B1−xCx)2 (0 ≤ x ≤ 0.09) are pre-

pared using stoichiometric magnesium powder, amor-

phous boron powder (with particle size < 3 µm) and

compound B10C as starting materials. The reaction

equation can be written as follows: Mg+2xB10C+(2-

22x)B = Mg(B1−xCx)2. The starting materials are

thoroughly mixed in a glass bottle by wobbling, and

then pressed into pellets (Φ20×2mm) at a pressure

of 15MPa. The flowing Ar gas is used to prevent the

samples from being oxidated in the microwave heat-

ing process. The detailed experimental method used

has been described elsewhere[16] except for the heat-

ing medium that has been changed from CuO to SiC

powder. The power and the duration of microwave

heating are respectively 560W and 6–10 minutes for

all samples.

The compound B10C is obtained from the mixture

of amorphous boron powder and graphite powder with

a mole ratio of B : C = 10 : 1. The reagent is mixed in

ball mill (QM-1SP04) for four hours. The samples

are prepared also by hybrid microwave synthesis and

the power and the duration of microwave heating are

800W and 8 minutes respectively.

The prepared samples are characterized by pow-

der x-ray diffraction (XRD) and scanning electron mi-

croscopy (SEM). The powder x-ray diffraction data

are collected by using an M18X-AHF rotating-anode

diffractometer with the Cu Kα radiation. Lattice pa-

rameters are calculated using a least-square method

with Powder X program.[18] The grain morphology

and its microstructure are obtained by using a scan-

ning electron microscope (XL30 S-FEG). The tem-

perature dependence of electrical resistivity is mea-

sured by a standard four-probe method with a volt-

age resolution of 10−7 V. The dependences of diamag-

netic moment and resistivity on temperature under

different given applied fields are obtained by using

a SQUID magnetometer (Quantum Design MPMS-

5) and an Oxford cryogenic system (Maglab-12) re-

spectively. The magnetic hysteresis loops (MHLs) are

also measured by a SQUID magnetometer. The criti-

cal current density Jc is calculated from the magnetic

hysteresis data based on the Bean model by using a

formula for the rectangularly shaped samples.[19]

The XRD pattern of sample B10C is displayed in

Fig.1. The broad peaks in this pattern indicate that

the sizes of the B10C crystallites are quite small, which

is due to the short reaction time and the amorphous

boron starting materials in preparation. The diffrac-

tion peaks can be indexed by a hexagonal lattice with

a = 0.56076nm and c = 1.21899nm. This structure is

isostructural with that of B4C-phase in the B–C phase

diagram.[12] Therefore, B10C is not a new phase but

a boron-rich solid solution of the B4C phase.

Fig.1. XRD pattern for sample B10C.

Figure 2 shows the XRD patterns for samples

Mg(B1−xCx)2 (0 ≤ x ≤ 0.09). The phase analysis

reveals that the major phase has a AlB2 structure.

The impurity peaks can be attributed to MgO and

MgB4. The minor phase MgB4 appears only in three

Fig.2. XRD patterns for samples Mg(B1−xCx)2 (0 ≤ x ≤

0.09, where the mark * refers to MgO and + refers to

MgB4).

samples. The lattice parameters are calculated and

plotted in Fig.3 with carbon content varying from 0

to 0.09. While c-axis has little change in the carbon-

doped samples, the lattice parameter a decreases lin-

early with the increase of carbon content. The con-

traction of a-axis indicates that the atomic distance
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shortens in the boron layers and the B–B bond be-

come strong with the carbon content increasing. The

interaction between Mg- and B-layers is barely influ-

enced by the carbon doping.

Fig.3. The values of lattice parameters a and c for

Mg(B1−xCx)2 (0 ≤ x ≤ 0.09) samples versus carbon con-

tent x.

According to the relationship a = 3.08439 −

0.3153x reported by Senkowicz et al,[8] the carbon con-

tent x for samples Mg(B1−xCx)2 can be calculated by

using the a-axis length. Figure 4 shows the depen-

dences of calculated and nominal carbon contents on

the a-axis length. It can be seen that the calculated

values are very close to the nominal ones except for the

data of the sample with x = 0.09. It is clear that the

carbon is successfully doped into the lattice and the

carbon content x for samples Mg(B1−xCx)2 can also

be effectively controlled by the mole ratio of starting

materials using the microwave synthesis.

Fig.4. The nominal and calculated values of carbon con-

tent x versus a-axis length for samples Mg(B1−xCx)2
(0 ≤ x ≤ 0.09).

The grain morphology and microstructure of

samples are investigated with scanning electron mi-

croscopy. As shown in Fig.5, there is no significant

difference in the crystallite appearances with the car-

bon content varying. For the samples with x = 0 and

0.05, the typical hexagonal-platelet crystallites can be

seen and the edge length is about 0.5µm (Figs.5(a),

Fig.5. SEM micrographs for samples Mg(B1−xCx)2 with the values of x being 0, 0.04 and 0.05.
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5(c) and 5(d)). The sub-micrometre-sized (∼ 0.1 µm)

crystallites also appear in the sample with x = 0.05

(Fig.5(d)). For the sample with x = 0.04, the

hexagonal-platelet crystallites adhere to each other

and irregularly shaped crystallites are formed. The

average size is in a range of 0.5–1 µm (Fig.5(b)).

The temperature dependence of resistivity for

Mg(B1−xCx)2 (0 ≤ x ≤ 0.09) is plotted in Fig.6(a).

The curve of superconducting transition temperature

Tc at ρ = 0 versus carbon content x is shown in

Fig.6(b). It can be seen that with the increase of car-

bon content the Tc (ρ = 0) decreases almost linearly

from 38.1K for x = 0 to 32.0K for x = 0.09. These

results show that the substitute of carbon for boron

may affect the uniformity of boron layer and suppress

the superconductivity in MgB2.

Fig.6. Dependence of resistivity on temperature (a) and dependence of Tc (ρ = 0) on carbon content x (b)

for Mg(B1−xCx)2 (0 ≤ x ≤ 0.09).

The upper critical field dependence on tempera-

ture, Hc2(T ), has been investigated for samples with

x = 0 and 0.05. The Hc2 values have been respectively

determined from susceptibility data for MgB2 and re-

sistivity data for Mg(B0.95C0.05)2, which is simply due

to the availability of the measuring instruments. The

m−T and ρ−T curves measured under several given

applied fields are displayed in Figs.7(a) and 7(b). It

Fig.7. Temperature dependences of diamagnetic moment for MgB2 (a) and resistibility for Mg(B0.95C0.05)2
(b) under different applied fields.
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can be seen that the values of Tc for both samples de-

crease with the increase of applied field. The onset

criteria used to determine the values of Tc from ρ–T

and m–T curves are illustrated in the figures. Fig-

ure 8 shows the Hc2–T curves based on the Tc under

different applied fields. It can be seen that the Hc2

Fig.8. µ0Hc2–T curves of samples with x = 0 and 0.05.

at 20K is enhanced from about 4.3T for x = 0 to

10T for x = 0.05. Although the methods to deter-

mine the values of Tc for MgB2 and Mg(B0.95C0.05)2

are different, the discrepancy caused by the different

methods is not significant.[20] In this figure, it is still

obvious that the Hc2 is improved by carbon doping

into MgB2 superconductor. The result of Hc2 (T ) for

sample Mg(B0.95C0.05)2 is very close to that of sam-

ples with the same carbon content, synthesized at a

high pressure (HP) or an ambient pressure (AP) in an

Ar atmosphere.[14]

The enhanced Hc2 shows that the substitution of

carbon for boron in MgB2 samples does significantly

increase the pinning. From Fig.5, the small grain sizes

in carbon doping samples generate more grain bound-

aries as effective pinning centres.[4]

Figure 9(a) shows the MHLs for sample

Mg(B0.95C0.05)2 at temperatures of 5, 10, 15, 20 and

25K and at applied fields ranging from 0 to 5T. The

Jc(H) calculated from MHLs is plotted in Fig.9(b). It

can be seen that the Jc decreases with the rise of tem-

perature and its value is 1.05×104 A/cm2 at 20K and

1T. Considering the porosity caused by the volatiliza-

tion of Mg and the oxidation of C in the synthesis

process, it is possible to raise Jc of the as-prepared

samples by subsequent pressing and high-temperature

sintering to make the samples denser.

Fig.9. Magnetic hysteresis loops (H > 0) (a) and Jc–µ0H curves (b) for sample Mg(B0.95C0.05)2.

From all the results above, it is clear that both the

crystal structure and the superconductivity of sam-

ples Mg(B1−xCx)2 (0 ≤ x ≤ 0.09) prepared by the

microwave synthesis accord with those reported in

the literature. The present microwave method can

promote homogeneous distribution of carbon in sam-
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ples because the carbon and boron are mixed on an

atomic length scale in the staring material B10C. In

addition, this hybrid microwave synthesis is simple

and facile compared with the method using sealed

tubes, so it can be used in the repetitive manufactur-

ing of Mg(B1−xCx)2 superconductor. This technique

is now utilized to prepare raw materials for making

the carbon-doped MgB2 tapes, and the experimental

study is underway in our laboratory.

In summary, The B10C compound can be

obtained by a hybrid microwave synthesis from

boron and graphite powders. The bulk samples

Mg(B1−xCx)2 (0≤ x ≤0.09) are prepared by the same

method using B10C as a carbon source. Using this hy-

brid microwave method, the carbon content of samples

can be easily controlled by adjusting the mole ratio of

starting materials, and homogeneous distribution of

carbon in samples is guaranteed by the atomic-length-

scale mixing of boron and carbon in the starting ma-

terial B10C. The simple microwave synthesis method

has potential applications in the repetitive manufac-

turing of bulk Mg(B1−xCx)2 superconductors.
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