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ABSTRACT

Magnesium diboride (MgB:) has garnered significant attention as a high-temperature
superconductor due to its simple crystal structure and high critical temperature (T, =~ 39 K).
Various doping strategies have been explored to enhance its superconducting properties,
including critical temperature, critical current density, and upper critical field. This paper
examines the effects of different dopants—both electron and hole dopants—on MgB-
superconductivity. We discuss the impact of metal and non-metal substitutions, carbon doping,
and rare-earth elements, highlighting their influence on lattice parameters, phonon coupling,
and superconducting performance. Experimental and theoretical advancements in doping

techniques are also reviewed.
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I.  INTRODUCTION

Magnesium diboride (MgB-:) has emerged as a significant superconductor since its discovery
in 2001 due to its relatively high critical temperature (Ts) of approximately 39 K. This
temperature is remarkably higher than that of conventional metallic superconductors and is
attributed to its unique electronic structure and strong electron-phonon coupling. Unlike
complex high-temperature cuprate superconductors, MgB: possesses a simple hexagonal AlB.-
type crystal structure, consisting of alternating layers of magnesium and boron. The
superconducting behavior of MgB: is primarily governed by its two-gap superconductivity
mechanism, which arises from the presence of two distinct electronic bands, the ¢ and © bands.
These bands contribute differently to the superconducting state, with the c-band playing a

dominant role in determining the superconducting gap and critical temperature. Since its
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discovery, extensive research has been conducted to understand and enhance its
superconducting properties through various means, among which chemical doping has been
one of the most effective strategies.

Doping in superconductors involves the intentional introduction of foreign elements or
compounds into the host material to modify its electronic, structural, and superconducting
properties. In the case of MgB., doping has been explored with the objective of improving its
critical temperature, critical current density (Js), upper critical field (Hs), and flux pinning
capabilities. The effects of doping depend on the nature of the dopant, its site of incorporation
(either at the magnesium or boron sites), and the resultant changes in the electronic density of
states and lattice parameters. Various types of dopants, including metallic, non-metallic, and
rare-earth elements, have been investigated for their potential to enhance MgB:
superconductivity. Among these, carbon, aluminum, titanium, silicon, and transition metals
such as scandium and vanadium have shown significant effects on MgB:'s superconducting
behavior.

Carbon (C) doping is one of the most extensively studied methods for modifying MgB.. Carbon
primarily substitutes for boron in the hexagonal lattice, leading to a contraction in the a-axis
while keeping the c-axis relatively unchanged. This structural modification affects the
electronic band structure by altering the o-band, which in turn weakens electron-phonon
interactions. Consequently, while Ts generally decreases with increasing carbon content,
enhancements in the upper critical field and critical current density are observed, making C-
doped MgB: more suitable for high-field applications. Additionally, carbon doping improves
the flux pinning capabilities of MgB2 by introducing nanoscale defects, which serve as effective
pinning centers for magnetic vortices.

Metal substitution doping has also been explored extensively. Aluminum (Al) doping, for
example, occurs at the magnesium site, introducing additional electrons into the system. This
electron doping leads to a suppression of the c-band superconducting gap, resulting in a
decrease in Ts. However, Al-doped MgB: exhibits increased mechanical stability and enhanced
grain connectivity, which are desirable for practical applications. Titanium (Ti) doping, on the
other hand, enhances grain boundary pinning, leading to an increase in critical current density
without significantly affecting T,. Similarly, scandium (Sc) and vanadium (V) substitutions
alter the density of states at the Fermi level, modifying the superconducting gap structure and

potentially enhancing flux pinning properties.
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In addition to metal substitutions, non-metallic dopants such as silicon (Si) and lithium (Li)
have been investigated. Silicon doping can replace boron in the lattice, modifying the charge
carrier density and electronic band structure. While Si-doped MgB: typically experiences a
slight reduction in Tj, it benefits from improved flux pinning and enhanced upper critical field.
Lithium (Li) doping at the magnesium site introduces hole carriers, but its effectiveness is often
limited by phase segregation and difficulties in maintaining structural stability. Despite these
challenges, non-metallic doping continues to be a promising area for optimizing MgB:'s
superconducting properties.

Rare-earth element doping has attracted interest due to the unique magnetic and electronic
properties of these elements. Doping with rare-earth elements such as gadolinium (Gd), yttrium
(Y), and lanthanum (La) can introduce localized magnetic moments, which generally act as
pair-breaking centers and suppress superconductivity. However, some rare-earth dopants have
been found to enhance flux pinning, thereby increasing Js, particularly under high magnetic
fields. The dual role of rare-earth elements in MgB. doping highlights the complexity of their
effects on superconducting properties and necessitates careful optimization to balance the
benefits and drawbacks.

The mechanisms governing the effects of doping in MgB: are primarily related to modifications
in the density of states, lattice distortions, interband scattering, and flux pinning. Doping alters
the number of available electronic states at the Fermi level, influencing the formation and
strength of superconducting gaps. Structural changes induced by doping can modify bond
lengths and angles, impacting electron-phonon interactions and the overall superconducting
state. Furthermore, interband scattering between the o- and =-bands can be enhanced or
suppressed depending on the type of dopant, leading to variations in superconducting gap
anisotropy. The introduction of dopant-induced defects and secondary phases can significantly
improve flux pinning, thereby increasing J; and making MgB. more suitable for high-field
applications.

Recent advancements in doping techniques have provided new insights into the optimization
of MgB: superconductivity. Chemical vapor deposition (CVD) has been used to achieve
precise control over dopant incorporation in thin films, leading to improved homogeneity and
enhanced superconducting properties. High-pressure synthesis techniques have been employed
to increase dopant solubility and prevent phase segregation, resulting in more uniform material

properties. Additionally, nano-structured doping approaches, such as the introduction of
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nanoparticles as dopants, have demonstrated the ability to enhance Js without significantly
reducing Ts. These advancements highlight the ongoing efforts to develop high-performance
MgB:-based superconductors for practical applications.

The applications of doped MgB: materials extend across various fields, including
superconducting magnets, power transmission systems, and medical imaging devices such as
MRI machines. The ability to tailor MgB:'s superconducting properties through doping makes
it a promising candidate for next-generation superconducting technologies. Enhancements in
critical current density and upper critical field through doping strategies have significantly
improved the viability of MgB: for high-field applications, including particle accelerators and
fusion reactors. Continued research into novel doping methods and materials is essential for
further advancing the performance and applicability of MgB2-based superconductors.

In doping plays a crucial role in modifying the superconducting properties of MgB.. Different
dopants, including metallic, non-metallic, and rare-earth elements, influence Ts, Js, Hs, and flux
pinning through various mechanisms such as electronic band modifications, structural
distortions, and impurity scattering effects. While some dopants lead to a reduction in T, they
often enhance other critical properties, making MgB. more suitable for practical applications.
The continuous development of advanced doping techniques and novel materials will further
enhance the performance of MgB., expanding its potential for use in cutting-edge
superconducting technologies. With ongoing research and experimental innovations, MgB:
remains a key material in the field of superconductivity, offering promising opportunities for

scientific and technological advancements.

1.  IMPACT OF VARIOUS DOPANTS ON SUPERCONDUCTIVITY
Carbon Doping
Carbon (C) is one of the most studied dopants in MgB.. C substitutes for B in the lattice,
causing a contraction in the a-axis while keeping the c-axis nearly unchanged. This substitution
modifies the o-band, reducing electron-phonon coupling and consequently decreasing T..
However, C doping increases the upper critical field (Hcz) and critical current density (Jc),
making MgB. more viable for high-field applications.
Metal Substitutions

Transition metals such as Al, Ti, and Sc have been explored as dopants in MgBa.
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e Aluminum (Al) doping replaces Mg, effectively introducing electron carriers that suppress
T, due to the weakening of electron-phonon interactions. However, Al-doped MgB:
exhibits enhanced mechanical stability.

e Titanium (Ti) doping enhances grain connectivity and increases Jc while only slightly
reducing To.

e Scandium (Sc) doping alters the density of states at the Fermi level, modifying the
superconducting gap structure.

Non-Metal Doping

Elements like Li, C, and Si influence the superconducting behavior through electron and hole

doping.

« Silicon (Si) doping affects the electronic structure by modifying charge carrier density,
slightly reducing T, while improving the flux pinning properties.

o Lithium (Li) doping in Mg sites acts as a hole dopant but often leads to phase separation,
limiting its practical application.

Rare-Earth Element Doping

Rare-earth (RE) doping, including elements like Gd, Y, and La, introduces localized magnetic

moments that can suppress superconductivity via pair-breaking effects. However, some RE-

doped MgB: samples demonstrate improved flux pinning, enhancing Jc¢ under high magnetic
fields.

I1l.  MECHANISMS GOVERNING THE DOPING EFFECTS

The primary mechanisms affecting superconductivity in doped MgB: include:

1. Modification of the Density of States (DOS): Dopants change the number of available
electronic states at the Fermi level, influencing superconducting gap formation.

2. Lattice Distortion and Strain Effects: Doping alters bond lengths and angles, modifying
electron-phonon coupling strength.

3. Interband Scattering: Substitutions can increase impurity scattering between the o- and
n-bands, affecting the two-gap superconductivity in MgBa.

4. Enhancement of Flux Pinning: Certain dopants introduce nanoscale defects that act as

pinning centers, increasing Jc.

57|Page




International Journal of Advance Research in Science and Engineering q,/
Volume No. 12, Issue No. 11, November 2023

www.ijarse.com IJARSE

ISSN 2319 - 8354

IV. CONCLUSION

Doping MgB: is a powerful method for tailoring its superconducting properties. While dopants
such as C, Al, and Ti improve critical current density and upper critical field, others like rare-
earth elements enhance flux pinning at the cost of reduced T,. Continued research in controlled
doping techniques and novel dopant materials will further expand MgB:’s applicability in high-

performance superconducting devices.
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