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ABSTRACT 

MgB2 is one candidate of the superconductors for practical application. Most of the 

applications require the high critical current density (Jc) which means high 

performance and cost-effective. However the Jc of pristine MgB2 is far from the 

theoretical depairing current density because of the weak flux pinning and poor grain 

connectivity. In the work of this Master degree by research, several dopants were 

tried to enhance the Jc, meanwhile their corresponding flux pinning mechanism were 

studied. 

The first three chapters of this thesis give the introduction, literature review and 

experimental methods. They cover the research motivation, basic superconducting 

properties of MgB2, status quo of MgB2 research on enhancement of upper critical 

field Hc2 and Jc, and various experimental methods which are employed in this work.  

The last two chapters, chapter 4 and chapter 5, present the main experimental works 

of this thesis.  

In chapter 4, the effect of graphene oxide (GO) doping on improvement of Jc in 

MgB2 was systematically studied with emphasis on flux pinning mechanism. It was 

confirmed that both of low field Jc and high field Jc could be enhanced by GO doping, 

and the high field Jc was further improved by optimized doping level. The low field 

and high field Jc improvement are due to the improved the grain connectivity and 

enhanced flux pinning, respectively. To understand the superior performance of GO 

doped MgB2, the flux pinning mechanism was studied systematically. In the 

framework of the collective pinning theory, a B-T phase diagram has been 

constructed and in the single vortex regime, the transformation of pinning 

mechanism from transition temperature fluctuation induced pinning (δTc pinning) to 
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mean free path fluctuation induced pinning (δl pinning) is observed in MgB2 by 

adjusting the GO doping level. Furthermore, in terms of the thermally activated flux 

flow model the pinning potential in high field (B > 5 T) is enhanced by GO doping. 

In chapter 5, Based on the overall improvement of Jc in GO doped MgB2 and 

excellent high field Jc for nano-SiC doping, the effect of GO and nano-SiC co-doping 

effect on the superconductivity of MgB2 was systematically examined by powder x-

ray diffraction, transport and magnetization measurement. By co-doping impurity 

phases Mg2Si and SiC appeared and a axis decreased and c axis remained 

unchanged. Compared with the un-doped samples, Jc was improved at high field for 

both of 5 K and 20 K. Compared with the 2wt % GO doped sample, at 20 K the Jc 

was further enhanced by co-doping but at 5 K the Jc improvement was not obvious as 

at 20 K. At 20 K, the normalized pinning force showed enhancement at high field 

compared with un-doped one but decrease compared with 2wt% GO doped ones. 

According to the thermally activated flux flow model, the pinning potentials of co-

doped samples were further enhanced at high field. 
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1 INTRODUCTION  

The superconductivity around 40K (Fig. 1.1) in MgB2 was discovered in 2001 by 

Akimitsu group from Aoyama-Gakuin University, Japan1. Its Tc compared with 

intermetallic compound is relatively high, nearly doubling the Tc of conventional 

superconductors. And the crystal structure as shown in the Fig. 1.2 is simple which is 

advantageous for preparation. 

 

Figure 1.1 Temperature dependence of the resistivity of MgB2 under zero magnetic field. 

 

Figure 1.2 Cystal structure of MgB2. 
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Soon after the discovery of its superconductivity, MgB2 shows the promise for 

practical applications. First, it was proved the grain boundaries of MgB2 are 

transparent to the supercurrent flow. This is different from the high temperature 

superconductors which exhibit very high transition temperature but the transport 

current densities of which are quite low in untextured polycrystalline sample2. As 

shown in the Fig. 1.3, the regions with a large number of high-angle grain boundaries 

support high current densities of the order of 105 Acm-2, which they could not sustain 

if there are any inherent strong suppression of current across the grain boundaries2. 

 

Figure 1.3 Summary of microstructural and magneto-optical analyses. Polarized light microscope and magneto-

optical images of the same area of sample B are compared in a and b, respectively. Bright regions of b indicate 

areas where magnetic flux has penetrated the sample after a field of 120 mT was applied after cooling the sample 

in zero field to 11 K. Although the pronounced differences in contrast indicate extensive inhomogeneity of the 

sample, the dark regions represent areas of strong superconductivity and large screening currents. Image c 

presents a magnified view using SEM backscattered electron imaging of the strongly superconducting region 

marked with an arrow in a and b. At higher resolution, image d, a secondary electron examination of the central 

region in c, reveals that the area marked by an arrow in a and b has ~100-nm, fine-scale structure. 
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Second, the flux pinning of MgB2 was proved can be enhanced by traditional routes 

that has already been successfully applied in the low- and high-temperature 

superconductors.  Eom et al. employed the thin film deposition method and improve 

the magnetic Jc at 4.2 K above 105Acm-2 at nearly 10 T by alloying with oxygen, as 

shown in Fig. 1.43. On the other hand, Bugoslavsky et al. use proton irradiation to 

induce crystalline disorder in bulk samples of MgB2. Through this treatment, the 

reduction of Jc in magnetic field at 20 K is much slower than in untreated samples as 

shown in Fig. 1.5, whereas the irreversibility field doubles on irradiation, about the 

same improvement observed by Eom.et al. in their thin films4, 5.  

 

Figure 1.4 The derived values of the critical current density are plotted as a function of field at 4.2 and 20 K for 

films 1 and 3, and at 4.2, 10, 15, 20, and 25 K for film 2. We note that the data for film 2 at 4.2 K are above 105 A 

cm-2 (a common benchmark for superconducting magnet applications) at nearly 10 T. 
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Figure 1.5 Effect of irradiation on the field-dependence of Jc at 20 K; the behaviour at other temperatures is 

similar. Jc is obtained from the magnetization hysteresis width, using the Bean model. 

Third, MgB2 wires could be fabricated by powder-in-tube (PIT) method and the iron 

could be used as the sheath material which is cheap as shown in Fig.1.66. The Jc at 

25 K and 1 Tesla fields reach as high as 30,000 Acm-2 as shown in Fig. 1.7 which is 

already high enough for power transmission cables6.  
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Figure 1.6 left, Microstructure of the MgB2 ribbons were fabricated using Fe or Cu/Fe tubes with outside 

diameters of 5±6.35 mm.  

 

Figure 1.7 Jc (magnetization) versus H plots for various MgB2 samples. 

For industrial application, the thin film method and proton radiation method still cost 

too much. The alternative method is chemical doping, which is low cost but 

effective. Atomic substitution shifts the Fermi level and enhances impurity 



 

6 

 

scattering, thus increasing the upper critical field, Hc2, and also introduces point 

defects which act as the pinning centers, therefore leading to the higher irreversibility 

field, Hirr, and critical current density, Jc, in field.  

In the past 11 years, several dopants such as nano-SiC7, CNTs8, nano Si9, 

carbohydrate10, silicon oil11, and so on, have been found having positive effects on 

Hc2, Hirr and Jc. Among them, nano-SiC doping has been proved as the most 

effective dopants to improve the high field Jc. As shown in Fig. 1.8, at 5 K and 8 T, 

the Jc can be improve more than an order of magnitude by nano-SiC doping. 

However, also as shown in the Fig. 1.8, the there is a crossover between Jc curves of 

the undoped and doped one inn low fields.  Recently, our team has found that 

graphene can improve Jc at self field and low field with very little reduction in Tc, 

because the graphene doping can improve the grain connectivity. But its high field Jc 

is not competitive with that of nano-SiC doped one. Also, we very recently found the 

graphene oxide (GO) doping can improve both the low and high field Jc, and the high 

field Jc is better than the graphene doping. 

 

Figure 1.8 Magnetic Jc for nano-SiC doped MgB2. 
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In type-II superconductors, due to its short coherence length, the most effective 

elementary interaction between vortex and pinning center is core interaction, which 

originates from the coupling of locally distorted superconducting properties with the 

periodic variation of the superconducting order parameter. Inhomogeneities in 

different parameters cause different “elementary pinning mechanisms”. There exists 

two predominant mechanisms of core pinning, i.e. δTc pinning and δl pinning. 

Whereas δTc pinning is caused by the spatial variation of the GL coefficient α 

associated with disorder in the transition temperature Tc, variations in the charge-

carrier mean free path l near lattice defects are the main cause of δl pinning12, 13. For 

MgB2 superconductor, it has been shown that δTc pinning is dominant in un-doped 

MgB2 samples, and δl pinning is dominant in carbon doped MgB2 bulks, while δTc 

and δl pinning coexist in silicone oil doped bulk samples14-16. But the systematical 

transformation from δTc to δl pinning has not been observed. 

As described above, the disorder which comes from the defects or inhomogeneity 

will pinning the vortices, and therefore maintain the zero resistance state. Whereas 

thermal energy may allow flux lines jump from one pinning site to another, which 

causes the finite resistivity below the transition temperature. It manifests a field-

dependent broadening of the resistive transition. This phenomenon is very prominent 

in high temperature superconductors because of their large anisotropy induced by the 

2D structure and high transition temperatures.   With a layer structure and relatively 

high Tc, thermally activated flux flow also results in the field-dependent broadening 

of the resistive transition in MgB2. But it exhibits different behaviour compared to 

the high temperature superconductors (HTS)17-19.  First, the U0 is very large in low 

field, on the order of 104 K; second, it exhibits very strong field dependence in high 
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field20. So far, research on MgB2 has been focused on pristine samples, however, 

with only limited studies reported on doping effects on U0.21, 22.  

In the research of my Master study, I will study the pinning and supercurrent 

enhancement in doped MgB2. The graphene oxide (GO) will be used as a dopant to 

confirm the improvement of the overall in-field Jc and optimize the experimental 

procedure to further improve the Jc.  By study of the Hirr, Hc2, vortex phase diagram, 

pinning types and pinning potential and grain connectivity, the mechanism of the 

overall in-field Jc improvement will be understood. After that, the GO doping will be 

applied to improve the performance of the MgB2 wires.  
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2 LITERATURE REVIEW  

2.1 Crystal structure  

The X-ray diffraction (XRD) pattern measured at room temperature is shown in Fig. 

2.1(a)1. All the intense peaks can be indexed assuming a hexagonal unit cell, with a = 

0.3086 nm and c = 0.3524 nm. The crystal structure of MgB2 with the space group 

P6/mmm is shown in the Fig. 2.21, which consists of two homey boron layers with 

one magnesium layer located the centre of the hexagons In-between the boron 

planes. In boron layers, each boron atom is equidistant from three other boron atoms 

of which the structure is the same as structure of carbon layer of the graphite. 

 

Figure 2.1 X-ray diffraction pattern of MgB2 at room 

temperature1; 

 

 

 

 

 

 

Figure 2.2 Crystal structure of MgB2
1.  

 

 

 

 

 

 



 

12 

 

2.2 Electronic structure 

The electrons at the Fermi surface of MgB2 are mainly p electrons of boron, with Mg 

donating its s electrons to the conducting bands2-4. There are four conducting bands. 

From the σ–bonding px,y orbitals of boron two σ bands are derived, whereas two π 

bands are derived from the π-binding (hole-like) and antibonding (electron-like) pz 

orbitals. The σ states are two-dimensional confined in the boron planes and the π 

states are three-dimensional extending in all the direction4, 5. The charge density 

distribution shows that the bonds within the boron layers are strongly covalent, 

whereas the bonds between these layers are metallic6. The Fermi surface of MgB2 is 

shown in Fig. 2.3. The two cylinders around the г-A lines are the two σ bands and the 

two webbed tunnels are due to the two π bands. The densities of states at the Fermi 

level are 0.300 states eV-1/cell for the two σ bands and 0.410 states eV-1/cell for the 

two π bands6, 7.  

The impurity scattering between the σ and π bands are small, as argued Mazin et al8. 

This is mainly because the px, y (in-plane) and pz (out-of-plane) orbitals are 

orthogonal to each other, and the overlap integrals which determine the interband 

coupling and interband impurity scattering are strongly reduced. Further, the pz 

orbitals have odd parity and the px,y ortibals have even parity with respect to the B 

layer, leading to small hybridization between the σ and π bands8. 
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Figure2.3 The Fermi surface of MgB2. Green and blue cylinders (holelike) come from the bonding px,y bands, the 

blue tubular network (holelike) from the bonding pz bands, and the red (electronlike) tubular network from the 

antibonding pz band. The last two surfaces touch at the K point4. 

2.3 The E2g phonon and electron-phonon coupling 

There are four phonon modes at the Brillouin zone center in MgB2: the B1g, E2g, A2u, 

and E1u modes9,10. The E2g mode involves the in-plane vibration of the boron ions in 

opposite directions (bond stretching). This motion changes the px,y ortital overlap; 

therefore the electron-phonon coupling between the E2g mode and the σ band is very 

strong3, 4, 10, as shown in Fig.2.4. It is this strong electron-phonon coupling that leads 

to the high Tc in MgB2.  

The E2g phonon is anharmonic” the dependence of the phonon energy on boron 

displacement has a large fourth-power term10, 11. The harmonicity is confined to 

phonons near the г–A line, where the electron-phonon coupling is also very large12. 

The anharmonicity causes the electron-phonon couplings as compared with the 

harmonic phonon, although the estimate of the phonon frequency shift depends on 

the methods of calculation13.  
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Figure 2.4 Crystal structure of MgB2, electronic states at the Fermi level, and a vibrational mode of boron atoms. 

a, Crystal structure of MgB2. Boron atoms form honeycomb planes, and magnesium atoms occupy the centres of 

the hexagons in-between boron planes.  b, c, σ-bonding states at the Fermi level derived from boron px,y orbitals. 

d, A σ-bonding state at the Fermi level derived from boron pz orbitals. e, A vibrational mode of boron atoms that 

couples strongly to σ-bonding electronic states at the Fermi level. As boron atoms move in the arrow directions, 

shortened bonds, marked with ‘A’, become attractive to electrons, whereas elongated bonds, marked with ‘R’, 

become repulsive. The σ-bonding states (b, c) couple strongly to the vibrational mode because they are mainly 

located in either the attractive or the repulsive bondings of the mode. The π-bonding states (d) do not couple 

strongly to this mode5. 

Because there are four conduction bands, the electron-phonon coupling constant 

becomes a 4x4 matrix including phonon-mediated scattering of electron from any 

one of the 4 bands to any other of the 4 bands7, 11. Since the two σ bands are similar 

and the two π bands are similar (even though one π band is hole-like and the other is 

electron-like), the matrix is most often simplified to 2x2, and MgB2 is referred to as a 

two-band superconductors11. The electron-phonon coupling constant matrix elements 

have been calculated by various groups: λσσ=0.96, λππ=0.29, λσπ=0.23, λπσ=0.17 and 

the total λ=0.77 by Liu and co-wokers6, 11; λσσ=1.017, λππ=0.448, λσπ=0.213, 
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λπσ=0.155 and  λ=0.87 by Golubov et al7; λσσ=0.78, λππ=0.21, λσπ=0.15, λπσ=0.11 and  

λ=0.61 by Choi et al (obtained from integration of λ(k, k’) over the Fermi surfae6, 12) 

and λσσ=0.83, λππ=0.28, λσπ=0.22, λπσ=0.16 and  λ=0.71 Floris et al14. Despite some 

differences among the results, it is clear that the electron-phonon coupling is very 

strong for the σ bands and much weaker for the π bands. The interband coupling is 

even weaker, although it is not negligible15.  

2.4 Two-gap superconductivity 

From the information on the electron-phonon coupling constant matrix elements and 

with appropriate semi-phenomenological Columb pseudo-potential matrix elements, 

the superconducting energy gap and Tc were calculated7, 11. The results show 2 gaps, 

Δσ and Δπ, that vanish together as the temperature increases towards Tc
7, in 

agreement with the experimental results such as that shown in Fig.2.5.  

 

Figure 2.5 Values of the two gaps in MgB2 extracted from the scanning tunnelling spectroscopy as a function of 

temperature. The lines are the BCS Δ(T)16. 
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The details of the two-band superconductivity have been described by Choi et al5, 

who employed an anisotropic Eliashberg formalism and calculated the electron-

phonon coupling constant for electron pairs originating from all sheets of the Fermi 

surface12. The energy gap value for each point of the Fermi surface is shown in Fig. 

2.6 (a). The colour scale corresponds to the distribution of gap values shown in Fig. 

2.6 (b). The gap on the σ bands ranges from 6.4 to 7.2 meV with an average of 6.8 

meV, and on the π bands it ranges from 1.2 to 3.7 meV with an average of 1.8 meV5. 

From the BSC relation Δ(0)=1.764kTc, the σ gap would lead to a superconductor 

with Tc of 45 K and π gap to Tc of 15K. Because of the finite interband coupling, 

superconductivity occurs at a Tc of 39K in MgB2
17. 

 

Figure 2.6 The superconducting energy gaps on the Fermi surface for MgB2 from the band structure calculation. 

The color scale corresponds to the distribution of gap values shown in (b)5. 

Mazin et al have argued that that it is not necessary to use the fully anisotropic 

Eliashberg formalism and the two-gap formalism is sufficient unless the intraband 

scattering is small and the mean free path of the sample is greater than 1500Å12.  
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2.5 Experimental evidences for two bands and two gaps 

The first experimental hint to the two-band superconductivity came from the specific 

heat measurements18,19,20. As shown in Fig. 2.7 where the electronic specific heat is 

plotted as a function of temperature, the experimental data cannot be explained by 

the one-gap BCS model with a Tc of 39.4K5. At lower temperatures, the experimental 

results become higher than the BCS curve and then show another decrease to zero 

suggestive of another transition. This shoulder is a strong indication of a second, 

smaller gap. Also plotted in the figure is the result of the calculation by Choi et al 

using two gaps shown in Fig. 2.5, and it is in excellent agreement with the 

experiments5. The low temperature shoulder is caused by the excitations across the π 

gap. 

 

Figure 2.7 Electronic contribution to the specific heat as a function of temperature for MgB2. The solid curve is 

the result of a two-gap model calculation. The dashed curve is the single-gap BCS prediction for a 

superconductor with Tc of 39.4 K5. 
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Figure 2.8 (a) Cu–MgB2 point-contact spectra at T = 4.2K (solid lines) for several polycrystalline MgB2 samples. 

The dotted lines are BTK model fitting results. (b) An STM spectrum tunneling into the ab plane on an off-axis 

MgB2 epitaxial film at 4.2 K21. 

Point-contact spectroscopy21-24 and tunnelling spectroscopy16, 25, 26 allow direct 

measurement of the superconducting gap. Fig. 2.8(a) shows the Cu–MgB2 point-

contact spectra on several polycrystalline MgB2 samples measured at T = 4.2K by 

Szabo et al21. The dotted lines are the two-band Blonder–Tinkham–Klapwijk (BKT) 

model fits with different barrier transparencies and weight factors (from 65% to 95% 

π-band contribution). Conductance peaks corresponding to the two gaps are clearly 

observed: Δσ = 6.8 meV and Δπ = 2.8 meV. Fig. 2.8(b) shows tunnelling spectrum on 

an off-axis MgB2 epitaxial film measured at 4.2K by Iavarone et al clearly showing 
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the two gaps27. The result by Iavarone et al shown in Fig. 2.4 indicates Δσ = 7.1 meV 

and Δπ = 2.3 meV at 4.2K16.  

 

Figure 2.9 Electronic Raman spectra obtained by subtracting the 45K spectra from the 15K spectra. The thick 

solid lines are theoretical fits. The HV spectra are shifted for clarity. The inset is a calculated spectrum without 

Gaussian broadening28. 

Fig. 2.9 shows electronic Raman spectra, obtained by subtracting the spectra in the 

normal state from that in the superconducting state, from a polycrystalline MgB2 

sample by Chen et al28. Two peaks appear as a result of the superconducting 

transition at 50 and 105 cm−1, which are the pair-breaking peaks corresponding to 

two binding energies of the Cooper pairs 2Δπ and 2Δσ
28. The gap values thus 

obtained are Δσ = 7.1 meV and Δπ = 2.3 meV. 

Photoemission spectroscopy also provided evidence for the existence of two bands29 

and two gaps30-32. Fig. 2.10 (the inset shows details near EF) shows photoemission 

spectra of MgB2 measured in the superconducting and normal state by Tsuda et al30. 

Besides a peak around 7 meV and a shift of the leading edge, indicating the opening 

of a superconducting gap, a shoulder structure at 3.5 meV was observed. The 
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spectrum can only be fitted if two superconducting gaps, one at 1.7 meV (broken 

line) and the other at 5.6 meV (dotted line), are assumed. Later, the two gaps have 

been separately measured using angle-resolved photoemission spectroscopy 

(ARPES) 31, 32. 

 

Figure 2.10 Photoemission spectra measured at 5.4 and 45 K. The inset shows the enlarged spectrum near EF 

taken at 5.4 K, which can be fitted by assuming two gaps at 1.7 meV (broken line) and 5.6 meV (dotted line), 

respectively30. 

2.6 Upper critical field 

For single-gap dirty limit superconductors, the upper critical field h 

Hc2(0)=0.69Tc(dHc2/dT)Tc and (dHc2/dT)Tc∝ρn
33; therefore Hc2 increases with normal-

state resistivity ρn, which can be achieved by adding impurities and defects into the 

superconductor. Gurevich pointed out that the two-band superconductor MgB2 can 

be understood as a weakly-coupled bilayer in which two thin films corresponding to 

the σ and π bands are in contact through Josephson coupling34 (see Fig. 2.11). Using 

the dirty-limit weak-coupling multi band BCS model taking into account both 
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interband and intraband scattering by nonmagnetic impurities, Gurevich showed that 

the temperature dependence of Hc2(T) depends on whether the σ bands or π bands are 

dirtier and can be very different from that in the one-band theory35. As schematically 

shown in Fig. 2.11, the global Hc2(T ) of the bilayer is dominated by the layer with 

the higher Hc2. If the π layer is dirtier, it will have higher Hc2 at low temperature even 

though its Tc is much lower. As a result, an upturn in the global Hc2(T ) occurs at low 

temperature. Because of the existence of two bands, Hc2(0) in MgB2 can exceed 

0.69Tc(dHc2/dT)Tc considerably.  

 

Figure 2.11 Temperature dependence of Hc2 for the dirty two-gap superconductor MgB2 illustrated by a bilayer 

toy model shown in the inset. The dashed curves are for σ and π films in the one-gap dirty limit. The solid curve 

shows Hc2(T ) calculated from the two-gap dirty-limit BCS theory34.  
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Figure 2.12 Hc2 versus temperature plots for a carbon-alloyed HPCVD film, Nb–Ti (bulk) and Nb3Sn (bulk). The 

triangle and square data are for the ab planes of MgB2 parallel and normal to the field, respectively2. 

The Hc2 behaviors described by Gurevich have been observed in experiment. For 

example, in thin films from various groups with disorder introduced in different 

ways, Braccini et al observed different types of temperature dependence of Hc2, 

including the anomalous upturn at low temperature, reflecting different multi band 

scattering in these samples36. The value of Hc2 in carbon-doped thin films has 

reached over 60 T at low temperature (see Fig. 2.12), approaching the BCS 

paramagnetic limit of 65 T36. Considering the electron–phonon coupling effect, 

Gurevich argued that the strong coupling paramagnetic limit in MgB2 can be as high 

as 130 T; thus there is still room for further enhancement of Hc2 by engineering the 

σ- and π-band scattering34. The high Hc2 in MgB2 is very attractive for high-

magnetic-field applications. 
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2.7 Hall effect and magnetoresistance 

When the magnetic field is not so strong as to make the electron orbit quantization 

significant, the Hall effect and magnetoresistance in MgB2 also demonstrate unique 

properties due to the existence of the multiple bands. Fig. 2.13 shows the Hall 

coefficient RH measured with the magnetic field aligned either parallel to the ab 

plane or parallel to the c axis of MgB2 single crystals by Eltsev et al37. They found 

that the in-plane RH(H||c) is positive whereas the out-of-plane RH(H||ab) is negative. 

In materials with multiple bands, the sign of RH is determined by a sum of niμi
2/qi 

over all the bands, where n is the carrier density, μ is the mobility, q is the charge of 

the carrier, which is positive for holes and negative for electrons, and i represents 

different bands. When H||c, all the four bands shown in Fig. 2.14 contribute to the 

Hall field and the hole-like carriers dominate, thus RH>0. However, when H||ab, the 

contributions of the two two-dimensional σ bands are substantially smaller due to 

their low mobilities, and the π-electron band dominates, thus RH < 037. The 

experiment is in agreement with band structure calculations38. 
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Figure 2.13 The in-plane (H||c) and out-of-plane (H||ab) Hall coefficients as a function of temperature in the 

normal state of MgB2 measured on several single crystals37. 

 

Figure 2.14 Fermi surface of MgB2 from band structure calculation plotted with the г point at the Brillouin zone 

center. Possible dHvA extremal orbits are indicated. (a) σ-light-hole band, (b) σ-heavy-hole band, (c) π-hole band 

and (d) π-electron band39.  
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The existence of multiple bands in MgB2, in particular when one π band is electron-

like and the other three bands are hole-like, results in large magnetoresistance in 

clean MgB2 samples40-43. At 18 T and 45 K, Δρ/ρ0 = 130% has been observed in an 

HPCVD film with ρ0=0.34 μΩcm43. The magnetoresistance depends on a sum of 

σiσj(ωciτi−ωcjτj)2 over all the bands, where σ is the conductivity, ωc is the cyclotron 

frequency ωc ≡ qB/m*, which is positive for holes and negative for electrons, τ is the 

relaxation time and i and j represent different bands. The ωciτi and ωcjτj terms add up 

when the i and j bands have different carriers and reduce each other when the carriers 

are of the same type. 

 

Figure 2.15 Magnetic field dependence ((a), (c) and (e)) and angular dependence ((b), (d) and (f)) of 

magnetoresistance of a MgB2 film. The results are for T = 60K ((a) and (b)), 100K ((c) and (d)) and 120K ((e) 

and (f)). A change in angular dependence is seen as the temperature is increased43.  
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Li et al have shown that the magnetoresistance of MgB2 has an angular dependence 

which changes dramatically with temperature43. In Fig. 2.15, the magnetic field 

dependence (left panels) and angular dependence (right panels) of the 

magnetoresistance for a MgB2 film are shown for three temperatures. For H ⊥ ab, the 

magnetoresistance changes from a minimum at low temperature to a maximum at 

high temperature. The temperature-dependent anisotropy can be explained by the 

highly anisotropic Fermi surface of MgB2 and different electron–phonon coupling 

from the different bands. When the applied field direction changes, the orbiting plane 

of the electron intercepts the Fermi surface at different angles. As a result, σi , ωci and 

τi of the four bands change, resulting in the angular dependence of the 

magnetoresistance. As the temperature increases, σi is reduced more rapidly for the σ 

bands than for the π bands due to the stronger electron–phonon interaction, and the 

contributions of the π bands become more important, leading to the observed 

changed in the angular dependence43. 

 

Figure 2.16 Temperature dependence of transport scattering times for the four bands for two MgB2 films with 

RRR values of (a) 33.3 and (b) 20.944. 
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In combination with band structure calculations, efforts have been made to extract 

the scattering information for the different bands from the magnetotransport data42, 44-

47. Fig. 2.16 shows the temperature dependence of electronic lifetimes for each of the 

four bands in two MgB2 films with different RRR values, (a) 33.3 and (b) 20.9, 

obtained by Yang et al using both the magnetoresistance and the magnetic field 

dependence of the Hall coefficient44. In both films, the π1 band is much dirtier than 

other bands at low temperatures, and the scattering rates become similar at high 

temperatures due to the electron–phonon scattering. Disorder, which reduces RRR, 

mainly enhances scattering in the cleaner bands. From the significant difference in 

the scattering rates in π1 and π2 bands, it is clear that the fully band-resolved 

information on the intraband scattering is important for a correct understanding of 

MgB2. 

2.8 Enhancement of Hc2 and Jc by chemical doping 

Consider the effect of the Lorentz force due to the transport current on the flux in a 

type II superconductor, electrical resistance associated with creep or flow will be 

induced and therefore causes the dissipation of energy. In order to make the type II 

superconductor carry a usefully high current in the presence of the strong penetrating 

field without dissipation of energy, “pinning force” need to be introduced and pins 

the vortices to fixed location in the materials. Pinning results from any spatial 

inhomogeneity of the material since local variations of ξ, λ or Hc2 due to impurities, 

grain boundaries, voids, etc., will cause local variations of ε1, the free energy per unit 

length of a flux line, causing some locations of the vortex to be favoured over others.  

For prinstine MgB2 superconductor, the Jc drops rapidly. The flux pinning was 

proved can be enhanced by traditional routes that has already been successfully 
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applied in the low- and high-temperature superconductors. Eom et al. employed the 

thin film deposition method which introduce the grain boundary pinning and improve 

the magnetic Jc at 4.2K above 105Acm-2 at nearly 10T by alloying with oxygen, as 

shown in Fig. 3 (a)48. On the other hand, Bugoslavsky et al49 use proton irradiation to 

induce crystalline disorder in bulk samples of MgB2. Through this treatment, the 

reduction of Jc in magnetic field at 20K is much slower than in untreated samples as 

shown in Fig. 3(b), whereas the irreversibility field doubles on irradiation, about the 

same improvement observed by Eom.et al. in their thin films48.  

For industrial application, the thin film method and proton radiation method still cost 

too much. The alternative method is chemical doping, which is low cost but 

effective. Atomic substitution shifts the Fermi level and enhances impurity 

scattering, thus increasing the upper critical field, Hc2, and also introduces point 

defects which act as the pinning centers, therefore leading to the higher irreversibility 

field, Hirr, and critical current density, Jc, in field. 

2.8.1 Carbon doping 

Carbon doping is aimed at substitution of boron in MgB2, and the Jc(H) and Hc2 of 

carbon-doped MgB2 have been studied by several groups, all showing positive 

results. The substitution of carbon for boron has a great impact on the carrier density 

and impurity scattering, because MgB2 is a two-gap superconductor. It is expected 

that the carbon, which has one more electron than boron, will donate electrons to the 

σ band. This would suggest that the superconductivity in MgB2 is substantially 

modified by carbon doping. As a result, this opens up the possibility that maximum 

enhancement of the upper critical field, the irreversibility field, and the critical 

current density can be achieved by a controlled carbon doping. 
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From the applications point of view, the effect of C doping on the flux pinning 

properties is crucially important. The Soltanian et al firstly studied the carbon effect 

on Jc(H) and Hirr in MgB2
50. They found that both the a-axis lattice parameter and the 

Tc decreased monotonically with increasing doping level (Fig. 2.18), with the Tc 

dropping only 2.7 K at the highest nominal composition of x = 0.4, for a sample 

sintered at 770oC for 30 min. In addition to the MgB2 main phase, nano-size Mg2C3 

and MgB2C2 particles were noticed in the XRD. The real doping level was 

substantially less than the nominal one, as evidenced by the impurity phases 

containing carbon. Nevertheless, the enhancement of Jc(H) was not optimized, as the 

details of processing conditions were not studied, and magnetic Jc only reached 

2x103 A/cm2 at 5 K and 8 T for the x = 0.05 sample. 

 

Figure 2.17 The (100) and (002) (inset) Bragg reflections for the MgB2-xCx composition with x = 0, 0.05, 0.1, 

0.2, 0.3, and 0.4. The results showed that carbon substitution only has an effect on the a lattice parameter50. 

Recently, the effects of C doping on the flux pinning and critical current density in 

MgB2 were studied again using amorphous carbon in pellet and wire form51. Carbon 

substitution into boron sites was confirmed by the shrinkage of the lattice parameter 
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a with increasing C doping level. C substitution significantly enhanced both 

magnetic critical current density, Jc(H), and transport critical current at high sintering 

temperatures, such as 900 oC. Under the optimum conditions, transport Jc was 

enhanced by a factor of 5.7 at 12 T and 4.2 K as compared to the pure MgB2 wire. 

Consequently, flux pinning was enhanced by the carbon substitution for boron with 

increasing processing temperature. A better enhancement of nano-C doping was also 

observed by Ma et al52 for MgB2 tapes. The transport Jc for the 5 at% C-doped tape 

reached 1.85x104 A/cm2 at 10 T and 2.8x103 A/cm2 at 14 T, respectively, both at 5 

K. A significant enhancement of vortex pinning in the carbon-doped MgB2 film has 

been reported by Pogrebnyakov et al53, as shown in Fig. 2.18. TEM images showed 

that the doped films are textured, with columnar nanograins of Mg(B1-xCx)2 and a 

preferential c-axis orientation53. Based on these results, nano-C is proposed to be one 

of the most promising dopants besides SiC for the enhancement of flux pinning for 

MgB2 in high fields. 

 

Figure 2.18 Jc–H curves at 4.2 K for pure and C-doped MgB2 wire, tape, and film54.  
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More encouraging results on carbon substitution on Hc2 have been reported by 

several groups, all showing an enhancement of Hc2 by carbon substitution, with a 

range of enhanced Hc2 values from 25 to 40 T (at temperatures 4.2 K and below)55-59. 

The enhancement of Hc2 is in agreement with the model of two-band impurity 

scattering of charge carriers as predicted in MgB2, which indicates increased 

intraband scattering via shortening of the electron mean free path l35. As a 

consequence, ξ will be shortened according to the equation 1/ξ = 1/l + 1/ξ0
35, where ξ 

and l are the coherence length and mean free path, respectively. 

 

Figure 2.19 Superconducting upper critical field Hc2 as a function of temperature for Mg(B1-xCx)2, x ≤ 0.038 

samples. Inset: Hc2(T) closer to Tc determined from temperature dependent resistivity (solid squares), field 

dependent resistivity (triangles), and field dependent magnetization (open squares)60. 

By using the chemical vapor deposition (CVD) method to co-deposit B together with 

elemental carbon, Wilke et al have successfully raised Hc2 (T=0) for pure MgB2 from 

16.0 to 32.5 T in a carbon doped MgB2 filament, with slight depression of Tc from 

39.2 to 36.2 K for 3.8% C substitution, as shown in Fig. 2.1960. Later, Senkowicz et 
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al. proved that milling C with MgB2 can produce Hc2 (0 K) equal to that obtained for 

single crystals and CVD filaments. Bulk samples of milled carbon and MgB2 powder 

subjected to hot isostatic pressing and Mg vapor produced an Hc2 in excess of 32 T 

and Jc approaching 106 A/cm-2 for H = 0 T61. 

On the other hand, higher Hc2 has been achieved in C alloyed thin films, which 

seems to be related to the expanded c-axis61. Record high values of Hc2 || c at 4.2 K 

(≈35 T) and Hc2 || ab at 4.2 K (≈51 T) were observed perpendicular and parallel to 

the ab-plane, respectively. Extrapolation of the experimental data to T = 0 suggests 

that Hc2 || ab may approach the paramagnetic limit of ≈70 T36. Furthermore, Hc2 with 

a value of 52–55 T was commonly observed for the carbon alloyed thin films at 

temperatures around 1.5–4.2 K61, 62. 

2.8.2  Nano-SiC doping 

Due to the fact that MgB2 has a relatively large coherence length, a stronger pinning 

force will be introduced when the dopant size is comparable to the coherence 

length63. A significant breakthrough in enhancing Jc was achieved using nanoscale 

SiC doping into MgB2 by the University of Wollongong (UoW) group64-66. The 10 

wt% nano-SiC-doped MgB2 bulk samples showed Hirr ≈ 8 T and Jc ≈ 105 Acm-2 

under 3 T at 20 K, with Tc reduction not pronounced, even in heavily doped samples 

with SiC up to 30%64. This group has demonstrated that C substitution for B resulted 

in a large number of intra-granular dislocations and dispersed nanosize impurities, 

which are both responsible for the significant enhancement in flux pinning65, 66. In a 

comparative study of a clean limit and Mg vapour-treated samples the UoW group 

has shown that there are two closely related but distinguishable mechanisms that 
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control the performance of Jc(H):Hc2 and flux pinning. Nano-SiC doping enhances 

both Hc2 and flux pinning through multiple scattering channels67. The SiC-doped 

MgB2 wires are even better than the thin film MgB2, which had exhibited the 

strongest reported flux pinning and the highest Jc in high fields to date. 

 

Figure 2.20 The Hc2 and Hirr values of pure and SiC-added MgB2 sintered at 600 and 900 oC, respectively. The 

Hc2 and Hirr values were obtained from the 10% and 90% normal state, respectively. The Hc2 values of Nb–Ti and 

Nb3Sn are also shown in the figure68.  

Inspired by the SiC doping, Xu et al. approached SiC doping by using 

polycarbosilane (PCS) as the SiC source69. PCS has been used widely as a precursor 

for the fabrication of SiC reinforced composite ceramics, as SiC nano-crystals can be 

synthesized by the pyrolysis of PCS. As with the SiC doping, the Jc values were 

enhanced significantly, and the Jc(B) dependence was improved at low temperature 

and high magnetic fields. On the other hand, Wang et al. tried to reproduce the SiC 

result by using Si + C co-doping into MgB2
70. However, it was observed that the Jc 

values of the SiC-doped MgB2 remained the best in comparison with those of the co-

doping sample. The extent of enhancement of Jc and flux pinning of nano-SiC 
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doping can be explained by the dual reaction model, which will be discussed later in 

this work. 

The Ohio State University has undertaken comprehensive studies of Hc2 and Hirr with 

SiC addition in short and strand samples. An increase in Hc2 from 20.5 T to more 

than 33 T and enhancement of Hirr from 16 T to a maximum of 28 T for an SiC 

doped sample was observed at 4.2 K71. More recently, a study by Matsumoto et al. 

showed that very high values of Hc2(0) exceeding 40 T can be attained in SiC-doped 

bulk MgB2 sintered at 600oC68. This result is considerably higher than in the C-doped 

single crystal72, filament60, or bulk samples73. What is more interesting is that the 

samples having the largest upper critical field showed a much broader transition of 

ΔH (10–90%), suggesting that significant inhomogeneity is introduced by alloying 

and by reaction at low temperature (see Fig. 2.16). This has important consequences 

for the application of MgB2 wires and tapes for the cable and magnet industries, 

making them competitive with low Tc superconductors like NbTi and Nb3Sn. 

 

Figure 2.21 Comparison of Jc of MgB2 with other commercial superconducting wire54. 
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Fig. 2.21 shows the critical current density of MgB2 in comparison to other 

commercial superconductor materials. It should be noted that the Jc of SiC-doped 

MgB2 stands out very strongly even at 20 K in low field and that it is comparable to 

the value of Jc for Nb–Ti at 4.2 K, which is very useful for application of magnetic 

resonance imaging (MRI). At 20 K, the best Jc for the 10 wt% SiC doped sample was 

almost 105A/cm2 at 3T, which is comparable with the Jc of state-of-the-art Ag/Bi-

2223 tapes. These results indicate that powder-in-tube-processed MgB2 wire is 

promising, not only for high-field applications, but also for applications at 20 K with 

a convenient cryocooler. 

2.8.3  CNT doping 

Among the various carbon precursors, carbon nanotubes (CNT) are particularly 

interesting, as their special geometry (high aspect ratio and nanometer diameter) may 

induce more effective pinning centers compared to other carbon-containing 

precursors. It has been demonstrated that CNTs can be embedded in Bi-2212, 

functioning like columnar defects, enhancing Jc in the Bi-based superconductor74, 75. 

A similar method has been reported by Yang et al. for a significant enhancement in 

Jc(H) in high temperature superconductors by introducing nanorods as columnar 

pinning centers into the superconductors76. 

Wei et al have studied the superconductivity of MgB2- carbon multiwalled nanotube 

(MWCNT) composites77. However, the effects of multiwalled carbon nanotube 

doping on critical current density and flux pinning have not been reported. The 

authors’ group have systematically investigated the doping effects of single-walled 

carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs) on the 

Tc, lattice parameters, Jc(B), microstructure, and Hc2 of MgB2/Fe wire and bulk 
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samples78-81. Similarly to the C-doped MgB2, the CNT doped samples only showed 

the optimum Jc at high sintering temperature (≥900oC) where the high processing 

temperature encourages better carbon substitution compared to low processing 

temperatures. The best performance in Jc(B) was shown by SWCNT doping with 

sintering at 900oC, and the Jc(4.2 K) reached the values of 50,955 and 3566 A/cm2 at 

7 and 12 T, respectively, as shown in Fig. 2.22. Yeoh et al. have showed that there is 

a correlation between the reactivity of the CNT and the amount of carbon 

substitution in the MgB2, with the substitution of carbon for boron only occurring 

after the carbon atoms break free from the CNT82. 

However, longer CNTs tend to entangle and agglomerate, which results in 

inhomogeneous mixing of the CNTs with the precursor powder, blocking the current 

transport and suppressing the Jc
83. Ultrasonication of CNT-doped MgB2 was 

successfully introduced to improve the homogenous mixing of CNTs with the MgB2 

matrix, resulting in a significant enhancement in the field dependence of the critical 

current density, while avoiding the side-effects that would occur at higher processing 

temperatures84. 
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Figure 2.22 Transport critical current at 4.2 K at fields up to 12 T for nano-Cdoped and several CNT-doped wires 

produced at sintering temperatures of 800 and 900 oC. Pure MgB2 results are included for comparison79.  

It has been experimentally proved that the Jc of CNT doped samples is relatively 

insensitive to the heating rate in comparison to the un-doped and SiC-doped 

samples85. Dou et al. have pointed out that the CNT doping significantly improved 

heat transfer and dissipation during materials processing86, due to the high thermal 

conductivity and stable electric conductivity of CNT87, 88. With the high axial 

strength and stiffness, approaching values for an ideal carbon fiber89, CNT doping 

can improve the current path and connectivity between the grains in MgB2. 
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Figure 2.23 TEM image showing a number of straight CNTs embedded in MgB2. The elongated CNTs will 

improve the grain connectivity and act as efficient flux pinning sites90. 

To further advance the development of MgB2, a method combining the advantages of 

magnetic field processing and CNT doping for processing MgB2 superconductors has 

been demonstrated90. According to Dou et al, the unique magnetic field processing 

reduces the resistivity in CNT-doped MgB2, straightens the entangled CNTs, and 

improves the adherence between the CNTs and the MgB2 as shown in Fig. 2.23. Hirr 

for a 10 T field processed CNT doped sample reached 9 T at 20 K, which is close to 

the best value of SiC doped MgB2 at 20 K. 
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2.8.4 Hydrocarbon and carbohydrate doping 

 

Figure 2.24 Photographs from field emission gun-scanning electron microscopy: (a) un-doped MgB2, and (b) 

MgB2 + 30 wt% C4H6O5. As the doping level increases to 30 wt%, grains appear to have a bar/plate shape, with 

their width up to 150 nm and length up to 400 nm, in a well connected grain network91. 

In most experimental reports, the nano-dopants were introduced via solid state 

reaction, which is a dry mixing process. Alloying elements might not be distributed 

homogeneously, since defect energies are high, which could have important 

consequences for the observed superconducting properties. Recently, it has been 

demonstrated that hydrocarbon and carbohydrate dopings have advantages over other 

carbon dopants, resulting in Jc values almost comparable with those from the best 

SiC nano-powder doping91-93. Moreover, this approach provides additional benefits 

to the Jc(H) performance in low fields, that is, Jc at low fields does not degrade at 

certain doping levels as it does for any other C doping method. Due to the fact that 

most of the organic reagents decompose at temperatures below the formation 

temperature of MgB2, highly reactive and fresh C on the atomic scale can be 

introduced, hence the C substitution for B can take place at as low a temperature as 

the formation temperature of MgB2. Micro-structural analyses suggest that Jc 

enhancement is due to the substitution of carbon for boron in MgB2, liquid 
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homogenous mixing, and a smaller MgB2 grain size due to the low processing 

temperature, as shown in Fig. 2.24. 

2.8.5 Graphene and graphene oxide doping 

Graphene is a two-dimensional (2D) atomic crystal which consists of carbon atoms 

arranged in a hexagonal lattice (Fig. 1.25). Its single-layered honeycomb structure 

makes it the “mother” of all carbon-based systems: the graphite we find in our 

pencils is simply a stack of graphene layers; carbon nanotubes are made of rolledup 

sheets of graphene; and buckminsterfullerene molecules, or “buckyballs”, are 

nanometre-size spheres of wrapped-up graphene (Fig. 1.25)94. These forms of carbon 

were isolated long before graphene and have been used in many applications, but 

their electric, magnetic and elastic properties all originate in the properties of 

graphene94.  
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Figure 2.25 Graphene (top left) consists of a 2D hexagonal lattice of carbon atoms. Each atom is covalently 

bonded to three others; but since carbon has four valence electrons, one is left free – allowing graphene to 

conduct electricity. Other well-known forms of carbon all derive from graphene: graphite is a stack of graphene 

layers (top right); carbon nanotubes are rolled-up cylinders of graphene (bottom left); and a buckminsterfullerene 

(C60) molecule consists of graphene balled into a sphere by introducing some pentagons as well as hexagons into 

the lattice (bottom right)94. 

As a conductor of electricity it has extremely electrical conductivity95. As a 

conductor of heat it also has superior thermal conductivity and outperforms all other 

known materials96.  Graphene is an ideal candidate for use as a reinforcement in high 

performance composites, because it is the strongest and simultaneously one of the 

stiffest known materials, with a Young’s modulus of 1 TPa97.  Since it is nano-sizedd, 

extremely electrically and thermally conductive and strongest and stiffest materials 
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graphene is suitable for being added into MgB2, to improve the flux pinning, grain 

connectivity, mechanical property and heat transfer performance, respectively.  Its 

negative thermal expansion coefficient can also benefit the strain flux pinning for 

MgB2.  

 

Figure 2.26 Critical current density as a function of magnetic field at 5 and 20 K for with and without graphene 

doped bulk samples. 5 at.% nano-C doped sample for a comparable result at the same sample preparation route98. 

 

Such a excellent new materials also attracted the people in superconducting research 

area, Xu et al 98 first studied graphene doped MgB2 and Jc was enhanced by an order 

of magnitude at 8 T and 5 K as shwon Fig. 2.25. The strong pinning enhancement 

was argued to be attributed to a combination of C substitution and thermal strain 
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induced defects. Later, Silva et al found the graphene found the low field Jc was also 

improved by graphene doping as shown in Fig. 1.2699 and Fig. 1.27100. However, the 

high field Jc is not comparative with nano-SiC doped.  

 

Figure 2.27 Variation of the critical current density with applied magnetic field  for undoped and graphene doped 

MgB2 bulk samples99.  
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Figure 2.28 In-field Jc performance of undoped, rGO- and rCCG-doped MgB2 bulk samples100. 

 

Recently, Silva et al also found the graphene oxide could also improve the overall 

field Jc and the high field Jc is better than graphene doped MgB2. Graphene oxide is 

also single layer sheet (as shown in Fig.1.29101) which is exfoliated in water from 

strongly oxygenated and highly hydrophilic layered graphite oxide102-104. It can be 

produced considerable quantities relies on the chemical conversion of graphite to 

graphite oxide102, 103, 105-107, This provides a very convenient setting for the 

implementation of solution-phase techniques toward the conversion of graphene 

oxide back to graphene by way of chemical reduction104, 106 or the processing of the 

graphene oxide sheets into films and paperlike materials106-108. And the graphene 

oxide dispersion could be prepared in the organic solvents109-111 which provide an 

approach for uniform mixture of GO with boron powder.  



 

45 

 

 

Figure 2.29 Scheme of new structure model of GO: (a) Surface Species and (b) Folded Carbon Skeleton 

2.9 Summary 

This chapter reviews the basic properties of MgB2 including its crystal structure, 

electronic structure and superconducting properties, and it also reviews various 

methods of chemical doping to enhance the Hc2 and Jc. This chapter is important and 

elemental for this thesis because the knowledge of basic properties of MgB2 is 

helpful, it could not only associate MgB2 with conventional superconductors and 

high temperature superconductors but also help us understand the unique feature of 

MgB2; and the review of chemical doping paves the way for discovering the new 

dopants to further enhance the Hc2 and Jc.  
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3 EXPERIMENTAL METHODS  

3.1 Fabrication technique. 

Fabrication of polycrystalline bulk samples are very important, it not only provides a 

much easier way for studying the new superconductors comparing with the single 

crystal samples but also paves the way for fabricating the superconducting wires and 

tapes. For MgB2 bulk samples, they can be fabricated by different methods; in the 

research work of this thesis, diffusion method and in-situ method are employed.  

3.1.1 Diffusion method.  

The very first sample fabricated by the diffusion method was reported just a few 

weeks after the announcement of the superconductivity in MgB2 [ref.]. In this report, 

MgB2 wire was produced by sealing 100-mm-diam boron fiber [10] and Mg into a 

Ta tube with a nominal ratio of MgB2. Considering that at 950 oC the low vapor 

pressure of Mg, about 200 Torr [9], it is believed that MgB2 forms via a process of 

diffusion of Mg vapor into the boron grains. 

For the MgB2 pellets studied in this thesis, firstly the crystalline boron powders 

(99.999%) with particle size of 0.2-2.4 µm mixed with or without dopants were 

pressed into pellets. They were then put into iron tubes filled with Mg powders (325 

mesh, 99%), and then the iron tubes were sealed at both ends. Given the loss of the 

Mg during the sintering, the atomic ratio between Mg and B was 1.2:2. The samples 

were sintered at 800 °C for 10 h in a quartz tube with flowing high purity argon gas. 

After that, the samples were furnace cooled to room temperature. 

3.1.2 In-situ method.   
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The in-situ method is the most widely used method. It is also suitable for large scale 

industrial production, such as powder in tube (PIT) technique.  

The in-situ method used in the research work of this thesis can be seen as the 

simplified method from PIT. First, the stoichiometric crystalline boron powder and 

magnesium powder were mixed well in the mortar by pestle for 30~40 min. Then the 

powder mixture were pressed into pellets and put into the iron tubes. The two ends of 

the tube were sealed and sintered in quartz tube with flowing high purity argon gas at 

various temperatures for 30 min, and furnace cooled to room temperature. 

3.1.3 Wire prepared by powder-in-tube method. 

The powder-in-tube (PIT) method is one of most popular technique for fabricating 

the superconducting wires such as Nb3Tn, MgB2, and BSCCO (2212 and 2223). 

Normally, the precursor powders were first packed into metal tube or sheath with one 

end sealed by aluminum foils and after packing the other end is also sealed with 

aluminum foils. The metal tube then was swaged by the swaging machine to reach 

the diameter which is suitable for dies used in the drawing process. The swaged tube 

was drawn through dies on the draw bench so that diameter of whole tube is the 

same. Repeating this process until the tube is suitable for wires, such 1.4 mm or 0.8 

mm. The sheath material used in this research work is iron for its low cost. To get the 

final MgB2 phase, the wires were sintered in the furnace at 800 oC for 30 min.  

3.2 Powder x-ray diffraction  

To check the phase purity and determine the lattice parameters of the samples, 

powder x-ray diffraction measurement was performed on the GBC MMA X-ray 

diffractometer using the CuKα (λ=1.5406ºA) radiation. The bulk samples were 
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grinded into powder form and then fixed on the quartz slide with a drop of ethanol. 

Before the measurement, diffractometer was calibrated by the standard silicon 

sample. The scan range is from 10o to 90o. 

3.3 Transport measurement.  

The transport measurement was used to determine the superconducting transition 

temperature, the irreversibility filed (Hirr), upper critical field (Hc2) and the residual 

resistivity ratio (RRR). The temperature dependent AC resistivity in applied field up 

to 13T was measured by a Quantum Design (QD) 14T Physical Property 

Measurement System (PPMS) using the resistivity option.  

 

Figure 3.1 Schematic diagram of four probe resistivity measurement.  

MgB2 pellets were cut into bar shape and the resistivity measurement was made in a 

standard four probe geometry using the Silver Conductive Coating 18DB70X 

(Electron Microscope Science) to attach copper wires for the contacts (See figure). 

They were cured at 100 oC for 5 min or air cured for 24 h. For The typical contact 
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resistance is 1~3 ohm. The current limit, power limit, voltage limit, calibration mode 

and drive mode for the bridges are 1000A, 5000W, 95mV, standard and AC, 

respectively.  

Tc was defined by the point where the resistivity starts to drop sharply. The Hc2 and 

Hirr of a certain temperature were determined by measuring the temperature where 

the resistivity drops 10% and 90%, respectively, at a certain field. The transition 

width was defined by temperature difference between the two temperatures. The 

RRR is the ratio of the resistivity at 300k (ρ(300K)) over the resistivity at 40K (ρ(40K)). 

3.4 Magnetization measurement.  

Magnetization measurement was performed on a QD 14T PPMS using the Vibration 

Sample Magnetometer (VSM) option. The QD VSM for PPMS is a fast and sensitive 

DC magnetometer. The basic measurement is accomplished by oscillating the sample 

near a detection (pickup) coil and synchronously detecting the voltage induced. By 

using a compact gradiometer pickup coil configuration, a relatively large oscillation 

amplitude (1.3 mm peak) and a frequency of 40 Hz, the system is able to resolve 

magnetization changes of less than 10-6 emu at a data rate of 1 Hz. 

For the zero field cooling (ZFC), the samples were cooled down to 25K, then applied 

the field with magnitude 50 Oe, and warmed up to the temperature 42K. For field 

cooling (FC), following the ZFC, the samples were cooled down to 25K. The 

transition temperature measured by the magnetization was defined by the 

temperature where the diamagnetic signal appeared.  

For magnetic Jc calculation, magnetization measurement was performed on the bar 

with dimension of 1x2x3 cm3 cut from the MgB2 pellets. The field direction is 



 

60 

 

parallel with the length as seen in schematic Fig. 3.2. By using the Bean model, the 

magnetic Jc is deduced from 𝐽𝑐 =  20∆𝑀
𝑉[1− 𝑎

3𝑏]
 (a < b), where a and b are the dimensions 

of the sample perpendicular to the field, V is the sample volume, and ΔM = (|M+| + 

|M−|)/2 (where M+ and M− are the descending and ascending branches of the 

magnetization loop, respectively). 

 

Figure 3.2 Schematic diagram of the sample shape and the direction relation of the field with the dimension. 

3.5 Scanning electric microscopy. 

To observe microstructure of the samples, the JEOL JSM-7500FA SEM was 

employed. The conventional scanning electron microscope with thermionic source 

and a large specimen chamber have practical magnifications up to several hundreds 

of thousands of times (100,000 – 200,000x). This allows observation of features 

down to a few tens of Angstroms (30-50A).  Field emission scanning microscopy 

(FESEM) is widely used for surface observation of various nano materials and 
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medical, biological samples. It is also used in production lines for quality control, 

yield management, and failure analysis. The JSM-7500FA features enhanced 

performance, ease of operation, and energy efficiency. The microscope, in addition 

to its high performance at high accelerating voltage, has achieved a resolution of 1.4 

nm at 1 kV by using gentle beam irradiation and minimizing power supply noise. It 

is highly resistant to floor vibration and acoustic noise to support tough installation 

requirements. Supporting a minimum accelerating voltage of 100 V in the lowest 

accelerating voltage range, the microscope is capable of imaging of the extreme 

surface of various samples. 
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4 EVIDENCE FOR TRANSFORMATION FROM ΔTC TO ΔL PINNING IN 
MGB2 BY GRAPHENE OXIDE DOPING WITH IMPROVED LOW AND 

HIGH FIELD JC AND PINNING POTENTIAL 

4.1 Introduction 

In type-II superconductors, due to its short coherence length, the most effective 

elementary interaction between vortex and pinning center is core interaction, which 

originates from the coupling of locally distorted superconducting properties with the 

periodic variation of the superconducting order parameter. Inhomogeneities in 

different parameters cause different “elementary pinning mechanisms”. There exists 

two predominant mechanisms of core pinning, i.e. δTc pinning and δl pinning. 

Whereas δTc pinning is caused by the spatial variation of the Ginzburg-Landau 

coefficient α associated with disorder in the transition temperature Tc, variations in 

the charge-carrier mean free path l near lattice defects are the main cause of δl 

pinning1, 2. For MgB2 superconductor, it has been shown that δTc pinning is dominant 

in un-doped MgB2 samples, and δl pinning is dominant in carbon doped MgB2 bulks, 

while δTc and δl pinning coexist in silicone oil doped bulk samples3-5. But the 

systematical transformation from δTc to δl pinning has not been observed. 

Thermal energy may allow flux lines jump from one pinning site to another, which 

causes the finite resistivity below the transition temperature. It manifests a field-

dependent broadening of the resistive transition. This phenomenon is very prominent 

in high temperature superconductors because of their large anisotropy induced by the 

2D structure and high transition temperatures.   With a layer structure and relatively 

high Tc, thermally activated flux flow also results in the field-dependent broadening 

of the resistive transition in MgB2. But it exhibits different behaviour compared to 

the high temperature superconductors (HTS)6-9.  First, the pinning potential, U0, is 
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very large in low field, on the order of 104 K; second, it exhibits very strong field 

dependence in high field10. So far, research on MgB2 has been focused on pristine 

samples, however, with only limited studies reported on doping effects on U0 11, 12.  

Due to lack of intrinsic pinning, the Jc value of pristine MgB2 drops very fast in 

field13. Chemical doping by nano-SiC, Si, C, and other carbon or silicon containing 

dopants has shown positive effects on high field Jc enhancement, however, the self 

field and low field Jc, as well as Tc, deteriorate11, 14-18. Recently, our team has found 

that graphene can improve Jc at self field and low field with very little reduction in 

Tc
12, 19, 20, but its high field Jc is not competitive with that of nano-SiC doped one. 

Also, we very recently found the graphene oxide (GO) doping can improve both the 

low and the high field Jc, which different from the above dopants21.  

In this work, we represent systematical study on the flux pinning mechanism of GO 

doped MgB2 with much improved low field and high field Jc. By analysis of the flux 

pinning mechanism, the vortex pinning diagram is derived. According to the 

collective pinning theory, by adjusting the doping level the transformation from 

transition temperature fluctuation induced pinning, δTc pinning, to mean free path 

fluctuation induced pinning, δl pinning, was observed. In additions, the pinning 

potential is enhanced in high field (B > 5 T) by GO doping.  

4.2 Experimental 

MgB2 samples were fabricated via diffusion of magnesium into boron pellets. The 

GO was prepared by the Hummers method22, 23. The dried GO was ground and then 

sonicated by an ultrasonic vibrator in tetrahydrofuran (THF) for 1 h, so that a 

uniform GO suspension was achieved. Crystalline boron powder (99.999%) with 

particle size of 0.2-2.4 µm and GO suspension were first mixed in a mortar until the 
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mixture dried in the air. The mixture was pressed into pellets, which were then put 

into iron tubes filled with Mg powders (325 mesh, 99%), and then the iron tubes 

were sealed at both ends. The atomic ratio between Mg and B was 1.2:2. The 

samples were sintered at 800 °C for 10 h in a quartz tube with flowing high purity 

argon gas. After that, the samples were furnace cooled to room temperature. 

The phases and crystal structures were characterized by powder X-ray diffraction. 

Measurements of the temperature- and field-dependence of the electrical resistivity 

and magnetization were performed using a physical properties measurement system 

(Quantum Design). Magnetic Jc was deduced from the Bean model: 

Jc=20ΔM/V[a(1-a/3b)] (a < b),  where a and b are the dimensions of the sample 

perpendicular to the field, V is the sample volume, and ΔM = (|M+| + |M−|)/2 (where 

M+ and M− are the descending and ascending branches of the magnetization loop, 

respectively). 

4.3 Results and Discussion 

Figure 4.1 (a) shows the powder X-ray diffraction patterns for un-doped, and 1 wt% 

and 2 wt% GO doped samples, respectively. No impurity phase can be detected in 

the un-doped sample, while there is a trace amount of MgO phase existing in the GO 

doped samples. An expanded view of the (002) and (110) peaks is shown in the inset 

of Fig. 4.1(a), where the peak intensity is normalized by the corresponding highest 

(101) peak. Within the accuracy of these measurements, no peak shift is observed in 

the (002) peak, indicating that the c-axis parameter remains unchanged with doping, 

while the (110) peak shifts systematically to higher angle with GO doping, which 

indicates that the a-axis parameter is reduced with increasing doping level. This  



 

65 

 

 

 

Figure 4.1 (a) X-ray diffraction patterns of the un-doped, 1 wt% GO doped, and 2 wt% GO doped samples. The 

inset shows selected regions of the XRD data. Note that whereas there is no detectable shift of the (002) peak, the 

(110) peak shifts systematically with carbon substitution. (b) Normalized resistivity as a function of temperature 

for un-doped and GO doped samples from 30 to 300 K. The inset shows an enlarged view of the transition region. 
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result is consistent with other types of carbon doped bulk MgB2 samples3, 4. The 

shrinkage of the a-axis parameter indicates that the carbon released from GO has 

substituted onto B sites in MgB2. The GO contains both C and O with extremely low 

dimensions, which is believed to be the origin of the improved properties. 

Meanwhile, broadening of both the (110) and the (002) peaks is observed. For the 

un-doped, and the 1 wt% and 2 wt% GO doped samples, the full width at half 

maximum (FWHM) of the (110) peak is 0.380, 0.456, and 0.569, respectively; the 

FWHM of the (002) peak is 0.344, 0.387, and 0.440, respectively. The peak 

broadening for the doped samples could have resulted from the decrease in the grain 

size or the increased strain caused by doping. 

Figure 4.1 (b) shows the temperature dependence of the normalized resistivity of the 

un-doped and doped samples from 33 K to 300 K. For the GO doped samples, the 

normalized resistivity near Tc at 40 K is greater than for the un-doped sample. The 

Tc values and residual resistivity ratios, RRR = R(300K)/R(40K), are  38.96, 38.77, 

and 38.47 K, and 3.92, 2.02, and 1.85, for the un-doped, and the 1 wt% and 2 wt% 

GO doped samples, respectively. Therefore, the GO doping does not alter the 

superconductivity significantly.  
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Figure 4.2  (a) Log Jc vs. B for un-doped and 1 wt% GO doped samples at various temperatures. The inset shows 

Hc2 and Hirr, which were deduced 0.9 and 0.1 of ρ(H,T). (b) Jc vs. log B for the un-doped and 1 wt% GO doped 

samples at various temperatures. The top inset shows the Jc at 0.05 T for the un-doped and 1 wt% GO doped 

samples, and the bottom inset shows that AF varies with different doping levels. 
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Figure 4.2(a) and (b) shows the magnetic field dependence of the critical current 

density Jc for the un-doped and 1 wt% GO doped MgB2 at various temperatures. 

Fig. 4.2 (a) shows the high field Jc of the 1 wt% GO doped sample is enhanced 

compared with the un-doped sample from 5 K up to 25 K. For example, at 5 K and 

10 T, the Jc for the un-doped sample is about 100 A·cm-2, approaching the 

irreversibility field, but with 1 wt% GO doping, the Jc is as high as 5200 A·cm-2, 

about 52 times as great. As shown in Fig. 4.1(b), GO doping increases the impurity 

scattering, which can cause an increase in the upper critical field (Hc2) and higher 

irreversibility field (Hirr). In addition, the defects, smaller grain size, and/or strain 

caused by doping could also improve the Jc in field. The enhanced Hirr and Hc2 are 

shown in the inset of Fig. 4.2(a). Fig. 4.2(b) presents the low field Jc for the un-

doped and 1 wt% GO doped samples. It can be seen that the low field Jc for 1 wt% 

GO addition is also improved compared with the un-doped sample. It is believed 

that the enhancement of Jc at low field is due to the improvement in the grain 

connectivity24 and we used Rowell’s model to calculate the effective conducting 

area or active fraction (AF)25. Normally using the methodology of Rowell to 

estimate connectivity suggests that few alloyed samples of MgB2 have connectivity 

fractions that exceed 0.126. In the inset (b) of Fig. 1(b), it can be seen the effective 

conducting area is improved by doping with GO, the 1 wt% GO doped sample 

shows the best grain connectivity with AF value of 0.4 comparing with 0.135 of un-

doped sample. But after that, the effective conducting area show a decrease, which 

could be because a high concentration of GO decreases the volume of the 

superconducting phase. 
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Figure 4.3 (a) Jc at various temperatures for the 2 wt% GO doped sample in a double logarithmic plot as log Jc 

vs. log B. The solid lines are fits based on Equation (1). (b). Jc at 23K for 2 wt% GO doped sample in double 

logarithmic plot of ln[Jc(B)/Jc(0)] vs. log B. The solid line is the fitting line according to Equation (1). (c) The 

irreversibility field obtained from the magnetic Jc curve by the criterion of 100 A·cm-2. The solid line is a fit in 

terms of the giant creep model. (d) B-T phase diagram of 2 wt% GO doped sample. 



 

71 

 

When the pinning is induced by uncorrelated disorder, the collective pinning theory 

has been proven very successful in describing the vortex behavior and analyzing the 

corresponding vortex pinning mechanisms in high temperature superconductors and 

MgB2
1-3 According to this theory, the magnetic field dependence of Jc obeys 

different laws in different magnetic fields. First, when the magnetic field is smaller 

than Bsb (the crossover field from the single vortex to the small vortex bundle 

pinning regime), the Jc is field independent, exhibiting a plateau in the Jc−B 

diagram. Then, when B > Bsb (in the small bundle pinning regime), Jc(B) obeys an 

exponential law as  

Jc(B) = Jc(0)exp[-(B/B0)3/2].                                                     (1) 

Where B0 is a constant. In Fig. 4.3 (a), we can observe the Jc plateau in the GO 

doped MgB2 sample, which corresponds to the single vortex pinning regime. Using 

equation (1) for the small bundle pinning to fit the Jc curves, it can be seen that at 

intermediate field, the solid fitting lines fit the experimental data very well, while a 

deviation between the fitting line and the experimental data exists at low and high 

field. In order to clearly determine the crossover field Bsb from the single vortex 

pinning regime to the small bundle pinning regime, the data was replotted on a 

double logarithmic plot as –ln(Jc(B)/Jc(0)) vs. field, as shown in Fig. 4.3 (b). At 

intermediate field, a straight line was clearly observed, corresponding to the small 

bundle pinning regime. The deviation at low field of the fitting line from the 

experimental data is Bsb. Meanwhile, the deviation at high field firstly is considered 

as the transition from the small bundle pinning to the large bundle pinning regime, 

although the high-field experimental data cannot be fitted by the power law of Jc(B). 

From Fig. 4.3 (a), the irreversibility field, Hirr, can also be determined by the 
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criterion Jc = 100 Acm-2, which is shown in Fig. 4.3 (c). These data can be fitted by 

the following equation:  

 Hirr(t) = Hirr(0)(1-t)3/2 .                                                                     (2)   

Where t = T/Tc. The data indicate that giant flux creep also plays an important role 

in the 2 wt% GO doped MgB2 sample27.  

After deriving the Bsb, the crossover field to the thermal fluctuation regime (Bth), 

Hirr, and Hc2, we can then try to construct the vortex phase diagram, as shown in Fig. 

4.3(d), where Hc2 is deduced using the criteria of 0.9 of ρ(H,T) at the transition to 

superconductivity by measuring the resistivity at varying temperatures and fields. 

Below Bsb, there is a single vortex pinning regime, while the small bundle pinning 

regime is in between the Bsb and Bth. There exists a small regime between Bth and 

Hirr governed by the thermal fluctuation effect. Above the Hirr and below the Hc2 is 

the vortex liquid pinning regime, and above the Hc2, there is the normal state regime. 

Compared with the un-doped sample, the GO doped sample shows a wider vortex 

phase region due to the enhanced flux pinning and Hc2, which also can be seen in 

silicone-oil-doped samples5.  

Griessen et al28 derived that in the single vortex regime of a system with randomly 

distributed weak pinning centers, for δl pinning and δTc pinning, the Jc obeys the 

following laws, respectively 

               Jc(t)/Jc(0)=(1-t2)5/2(1+t2)-1/2                                                        (3) 

And                          Jc(t)/Jc(0)=(1-t2)7/6(1+t2)-5/6                                                       (4) 

Where t=T/Tc.     

With this model, the δl pinning was found to be the dominant pinning mechanism in 

YBa2Cu3O7-x (YBCO) films, and δTc pinning dominates in single domain 
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(Y,Pr)12328, 29. For MgB2, δTc pinning and δl pinning are respectively found in un-

doped and carbon doped samples, and δTc and δl pinning coexist in silicone oil 

doped bulk samples3-5. So far, however, there has been no report on systematical 

transformation of the pinning mechanism by using one dopant. Here, we observed 

that depending on the doping level of GO, the pinning mechanism is systematically 

transformed from δTc to δl pinning. We used the two equations given above to fit the 

experimental data. Clearly, it can be seen that in Fig. 4.4 (a), the data for the un-

doped sample is well fitted by the δTc pinning model, which is consistent with 

reference3; in Fig. 4.4 (b) the data for the 1 wt% GO doped sample is in between the 

δTc and δl fitting lines, which means that both δTc and δl pinning play an important 

role; and Fig. 4.4 (c) shows that the 2 wt% GO doped sample is dominated by δl 

pinning. 

In Fig. 4.4 (d) we use the normalized temperature dependence to give a clearer 

picture of the different temperature dependences of Jc for the un-doped, and the 1 

wt% and 2 wt% GO doped samples. The transformation from the δTc pinning to δl 

pinning is in a good agreement with the varying trend in the residual resistivity ratio 

(see Fig. 4.1(b)). That is, with increasing doping level, the RRR becomes smaller, 

and the electron scattering becomes stronger, therefore decreasing the charge carrier 

mean free path and increasing the δl pinning. This result can be ascribed to the low 

dimensionality of GO, which carries both C and O into the MgB2 formation process. 

The simultaneous formation of MgB2 with C incorporation, in combination with the 

formation of highly dispersed MgO within the MgB2 matrix, results in multiple 

types of pinning centers, which are GO doping level dependent. Therefore, through 

adjusting the doping level, the electron scattering intensity can be tuned effectively.  
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Figure 4.4  Temperature dependence of Jc at 0.05 T for un-doped (a), 1 wt% GO doped (b), and 2 wt% GO 

doped (c) samples. The solid lines are the fits to the Jc curves in terms of the δl pinning and δTc pinning 

mechanisms. (d) Normalized temperature dependence of Jc for un-doped, 1 wt% GO doped, and 2 wt% GO 

doped samples. 

 

Figure 4.5 Temperature dependence of electrical resistivity for 2 wt% GO doped sample at different magnetic 

fields up to 13 T. 
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Figure 4.6 (a) Arrhenius plot of the electrical resistivity of 2wt% GO doped MgB2 at various fields up to 13T. 

The solid lines are the fits of the linear part of the curves. (b) Field dependence of the pinning potential, U0, for 

the  un-doped, and the 0.5 wt%, 1 wt%, and 2 wt% GO doped samples. The dashed lines are the fits 

corresponding to each sample. The inset shows a double logarithmic plot of U0/kB versus B. 
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Now, let us discuss the GO doping effect on the pinning potential based on the 

model of thermally activated flux flow (TAFF). The field-dependent broadening of 

the resistive transition for the layered superconductors is interpreted by the 

dissipation of energy caused by thermally activated flux flow, which can be 

described by the Arrhenius law, ρ(T,B )= ρ0exp[−U0/kBT], where U0 is the flux-flow 

activation energy and deduced from the slope of the linear part of an Arrhenius plot, 

ρ0 is a parameter, and kB is Boltzmann’s constant1, 6. This phenomenon was 

previously observed in the layered cuprate superconductors, un-doped bulk and thin 

film MgB2, and iron based superconductors6-10, but reports of doping effects on the 

pinning potential are very limited for MgB2. Fig. 4.5 in supplemental material shows 

that the Tc is broadened upon applying magnetic field22. The transition width, 

defined by 90% to 10% of the corresponding resistivity transition, is about 0.99 K at 

zero field, while it is 3.85 K in 13 T22. We replotted the data as lnρ vs. 1/T, as shown 

in Fig. 4.6(a). The linear part of the transition is clearly observed, corresponding to 

the thermally activated flux flow regime. The pinning potential U0 is obtained by 

calculating the slope. The U0 values of other samples are also obtained by the same 

method. In Fig. 4.6(b), our results show that the U0 values of the un-doped and 

doped MgB2 samples exhibit a plateau in low field (B < 1T), but drop very fast in 

high field. In low fields, the pinning potential gradually decreases with increasing 

doping level. In high field, for the 0.5 wt% GO doped sample, the field dependence 

of the pinning potential is similar to that of the un-doped sample, whereas for the 1 

wt% and 2 wt% GO doping samples, the U0 shows different field dependence and is 

much larger than for the un-doped sample in high field (B > 5 T). Compared with 

the power law field dependence of the activation energy, U0 (B) ∝ B-n with the 

exponent n < 1, which is usually observed for other layered systems, such as HTS 
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and iron based superconductors6-9, MgB2 shows similar behavior in low field, but in 

high field it exhibits a much stronger field dependence (B > 1 T), which is consistent 

with MgB2 films. The strong field dependence in high field can be fitted by the 

exponential law: U0 ≈ 10-kB, where k is the fitting parameter and B is the magnetic 

field. From the inset of Fig 4.6(b), while there is deviation in low field between the 

fitting line and the experimental data for the un-doped, and the 0.5 wt% and 1 wt% 

GO doped samples, for the 2 wt% sample, the fitting line is in good agreement with 

the experimental data both at low and at high field. 

4.4 Conclusion 

In conclusion, we have systematically studied the flux pinning mechanism of GO 

doped MgB2. By GO doping, Jc is enhanced significantly both at low and high field, 

which is due to the improvements in grain connectivity, Hirr, and Hc2. In the 

framework of the collective pinning theory, a B-T phase diagram has been derived 

for GO doped MgB2. By adjusting the GO level, the pinning mechanism transforms 

from δTc to δl pinning. Furthermore, in terms of the TAFF model, the pinning 

potential in high field (B > 5 T) is enhanced by GO doping. 
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5 EFFECT OF GRAPHENE OXIDE AND SIC CO-DOPING ON 
SUPERCONDUCTIVITY OF MGB2 

5.1 Introduction 

Since MgB2 was discovered in 20011, it has attracted vast number of efforts to apply 

this material to the real application because of its relatively high Tc 40 K, no grain 

boundary weak linkage issue 2and cheaper cost compared with the HTS and also its 

easy preparation method such as powder in tube method (PIT)3. However, the critical 

current density (Jc) drops quickly as applied the external field for lacking the pinning 

sites in pristine MgB2
4 . Thus, the enhancement of the flux pinning in MgB2 and 

therefore improve its Jc is imperative.  

The chemical doping such as nano-SiC5, carbon6, silicon oil7, and carbohydrate8 has 

been proven to be effective methods to introduce the pinning center and therefore 

enhance the in-field Jc. Until now, SiC is still one of the best dopants. Recently, the 

co-doping such as SiC with graphene9 further enhanced the Jc formance comparing 

with only SiC doped samples. Very recently, in our group the graphene oxide was 

found to be another effective dopant to improve Jc
9, 10, so it motivated us to study the 

SiC and GO co-doping effect on enhancement of Jc MgB2 samples were fabricated 

via diffusion of magnesium into boron pellets method. When preparing the co-

doping samples, 2wt% GO was regarded as the optimum doping level of GO doping.  

On that base, 1wt%, 2wt %, 3wt% and 5wt% nano-SiC were added as another 

variable to see the doping effect.  2wt% GO doped sample and pure MgB2 samples 

were prepared as references. 
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5.2 Experimental  

The GO was prepared by Humer’s method11. Before used as dopant in co-doped 

samples, the dried GO was ground and then sonicated by ultrasonic processor in 

Tetrahydrofuran (THF) for 1h. The crystalline boron powder (99.999%), nano-SiC 

(size <30 nm), and GO dispersion were first mixed in the mortar and then dried in the 

air. The mixture was pressed into pellets, which were put into the iron tubes filled 

with Mg powders (325 meshes, 99%), then the iron tubes were sealed. The atomic 

ratio between Mg and B is 1.2:2. The samples were sintered at 800 °C for 10 h in a 

quartz tube flowed with high purity argon gas. After that, the samples were furnace 

cooled to the room temperature. The phase and crystal structure of all samples were 

characterized by x-ray diffraction. The measurement of temperature- and field-

dependent electrical resistivity and magnetization was performed in physical 

property measurement system (Quantum Design). Hc2(T) and Hirr(T) were defined as 

the field when the ρ(H,T)=0.9ρ(H,Tc) and ρ(H,T)=0.1ρ(H,Tc). Magnetic Jc was 

deduced from the Bean model: Jc=20ΔM/[a(1-a/3b)], with the sample size of 1×2×3 

mm3. 

5.3 Results and Discussion  

Figure 5.1 shows the powder x-ray diffraction patterns for pure, 2wt% GO doped and 

2wt% GO with various amounts of SiC co-doped samples. The XRD patterns 

indicate that the un-doped sample is MgB2 single phase, while when doped with GO, 

trace amount of MgO appears in the sample. For the co-doped samples, besides the 

main phase MgB2 and trace phase MgO, the Mg2Si also exist as impurity phase, and 

the amount of Mg2Si increase with the increasing of the SiC from 1wt% up to 5wt%. 
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For 5wt% SiC co-doped sample, there was a slight amount of SiC remain not reacted. 

Figure 5.2 shows the lattice parameters for the a axis and c axis which are calculated 

from the XRD pattern in Fig. 5.1. By doping with GO or GO + SiC, the lattice 

parameter c remains the same but the for the lattice parameter a drops first by doped 

with GO, however when co-doped with GO+SiC , a axis increase compared with the 

GO doped one and remain the same level for all GO+SiC co-doped ones, The 

variation of the lattice parameter can be understood as following: when MgB2 doped 

with GO,  the carbon released from GO will substitute the boron site which causing 

the decrease of a but not decrease of c, when GO co-doped with SiC, the Si released 

from SiC will also substitute into boron site and compensate the decrease of a axis.        

 

Figure 5.1 XRD patterns for un-doped, GO doped and GO and SiC co-doped MgB2. 
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Figure 5.2 Lattice parameter a and c for un-doped, GO doped and GO and SiC co-doped MgB2. 

 

 

Figure 5.3 Magnetic Jc for for un-doped, GO doped and GO and SiC co-doped MgB2. 



 

86 

 

Figure 5.3 shows the field dependence of the magnetic critical current density for 

pure, 2wt% GO doped and GO and SiC co-doped samples. It can be seen that 2wt% 

GO doping can enhance Jc at 9 T and 5 K for more than an order of magnititude. 

When co-doped with SiC, the low level of SiC such as 1 wt% and 2wt%, the in-field 

Jc at 5K is maintained comparing with 2wt% GO doping, while the in-field Jc at 20K 

is further enhanced. However, further increasing the amount of SiC the in-field Jc 

starts to decrease both at 5K and 20K. 

 

Figure 5.4 The normalized pinning force as function of field for un-doped, GO doped and GO and SiC co-doped 

MgB2. 

Figure 5.4 shows the volume pinning force normalized by the maximum pinning 

force as function of field for various samples. For the un-doped sample, the volume 

pinning force drops very fast after the pinning force reach the maximum value. For 

the 2wt% GO doped sample, the curve slope drops slower than the un-doped sample 
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after the force peak and show the enhanced pinning force. For the co-doped samples, 

1wt% SiC and 2wt% SiC further enhanced the flux pinning but further increase the 

amount of SiC, the pinning forces began to decrease. 

 

Figure 5.5 Upper critical field, Hc2, and irreversibility field, Hirr, for un-doped, GO doped and GO and SiC co-

doped MgB2. 
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From the Fig. 5.5 shows the Hc2 and Hirr of the samples. The irreversibility field Hirr 

and Hc2 could be deduced using the criteria of 0.1 and 0.9 of ρ(H,T), respectively. 

Comparing with un-doped sample, the Hc2 of GO and co-doping sample are 

enhanced significantly. According to Hc2=Φ0/2πξ2≈ Φ0/2πξ0l. Hc2 can be increase 

when the mean free path l become shorter, and doping with GO or GO+SiC can 

make the sample dirty and reduce the mean free path l and therefore enhance the Hc2. 

When the Hc2 was improved, the Hirr can also been improved, furthermore the 

defects introduced by doping can also act as pinning centers and enhance the flux 

pinning and Hirr.  

 

Figure 5.6 Field dependent broadening of superconducting transition  ρ(T) at several magnetic fields up to 13 T.  
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Figure 5.7 Arrenius plot of superconducting transition at various field up to 13T. 

 

Figure 5.8 The resistive transition broadening in a magnetic field, which is similar to the high temperature 

superconductors.  
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The field-dependent broadening of the resistive transition for the layered 

superconductors is interpreted by the dissipation of energy caused by thermally 

activated flux flow, which can be described by the Arrhenius law, ρ(T,B ) = 

ρ0exp[−U0/kBT], where U0 is the flux-flow activation energy and deduced from the 

slope of the linear part of an Arrhenius plot, ρ0 is a parameter, and kB is Boltzmann’s 

constant12. This phenomenon was previously observed in the layered cuprate 

superconductors, un-doped bulk and thin film MgB2, and iron based 

superconductors12-16, but reports of doping effects on the pinning potential are very 

limited for MgB2. The pinning potential of MgB2 exhibit different features in 

magnetic field compared with high temperature superconductor. First the low field 

pinning potential is quite high at the order of 104, second the pinning potential show 

a strong field dependence, the pinning potential drops fast in high field while for high 

temperature superconductors the pinning potential remain constant. Furthermore, by 

GO doping the high field pinning potential can be further enhanced.  Fig. 5.6 shows 

the field dependent broadening of GO + SiC co-doped samples. In order to get the 

pinning potential, the field dependent broadening  of resistive was reploted into 

Arrenius plot. Fig. 5.7 shows the Arrenius plot of 2wt% SiC + 2wt% GO co-doped 

MgB2 as an example. From the linear part of the slope, the pinning potential was 

deduced. By using this method, the pinning potentials of other samples were also 

deduced as shown in the Fig. 5.8; it was shown that the pinning potential of MgB2 

can be enhance by GO and GO + SiC co-doping can further improve the high field 

pinning potential.  
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5.4 Conclusion  

In summary, GO and SiC co-doping further improves the Jc at 20K and the pinning 

potential in high field. Jc vale at 4.2K, Hc2 and Hirr show the similar trend comparing 

with the 2wt% GO doped sample. As presented in this paper, over doping will cause 

decrease of Jc, we expect reducing the amount of GO to less amount such as 1wt% or 

0.5wt%, the Jc will be further increased. The sintering temperature and time also 

need to be optimized further to improve the performance.  
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CONCLUSIONS AND RECOMMENDATIONS  

 

In conclusion, the GO doped bulk MgB2 was prepared, the Jc enhancement both in 

low and high field was confirmed. flux pinning mechanism of graphene oxide (GO) 

doped MgB2 has been systematically studied. In the framework of the collective 

pinning theory, a B-T phase diagram has been constructed. By adjusting the GO 

doping level, the pinning mechanism in MgB2 transformed from transition 

temperature fluctuation induced pinning, δTc pinning, to mean free path fluctuation 

induced pinning, δl pinning, is observed. Furthermore, in terms of the thermally 

activated flux flow model, the pinning potential in high field (B > 5 T) is enhanced 

by GO doping. The unique feature of GO is the significant improvement of both low 

field Jc and high field Jc. 

GO and SiC co-doped MgB2 samples were also prepared. Graphene oxide and SiC 

co-doping effect on the superconductivity of MgB2 was systematically studied by 

powder x-ray diffraction, transport and magnetization measurement. By Co-doping 

impurity phases Mg2Si and SiC appeared and a axis decrease and c axis remain 

unchanged. Comparing with the un-doped samples, Jc can be further improved at 

high field for both of 5 K and 20 K. Comparing with the 2wt % GO doped sample, at 

20 K the Jc was further enhanced by co-doping but at 5 K the Jc improvement is not 

obvious as at 20 K. At 20 K, the normalized pinning force shows enhancement at 

high field compared with un-doped one but decrease compared with 2wt% GO doped 

ones. The pinning potentials of co-doped samples were further enhanced at high 

field. 
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