30 A.G. Kiiamov, M.D. Kuznetsov | On the efficiency of Mg/Nb diboride solid solution ...

ORIGINAL ARTICLE
UDC 535.371
https: //doi.org/10.26907 /2541-7746.2025.1.30-37

This article is dedicated to the memory of Chief
Warrant Officer Gazinur Z. Kiiamov (1954-2024),
Head of the Fuel and Lubricants Service Unit

at the Plesetsk Cosmodrome.

On the efficiency of Mg/Nb diboride solid solution
in enhancing the thermal stability of M gB; superconductor

A.G. Kiiamov =, M.D. Kuznetsov

Kazan Federal University, Kazan, Russia

B giratphd @kazanfederaluniversity.ru

Abstract

A comparative analysis of the thermal stability of Mg/ Nb diboride solid solution and pure M gBs
was carried out. The specific heat capacity of these materials below the critical temperature of MgBs,
which is an essential characteristic for assessing their thermal stability, was evaluated. Based on the
ab initio calculations of the phonon density of states for both compounds, it was demonstrated that
MgNbBy is characterized by a higher phonon density of states in the frequency range of 5-7.5 THz
compared with MgBy. MgNbB, was also found to exhibit a higher heat absorbing capacity at low
temperatures. The specific heat capacity of MgNbB, at low temperatures exceeds that of MgBy by
50 %, thus indicating its better thermal stability. The potential of M gNbBy solid solution for practical
application in superconducting wires made of M ¢gBs was outlined.
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AnHoranus

[IpencraBiien cpaBHUTENBHBI aHAIN3 TEPMUYIECKON CTAOUIBHOCTH TBEPIOIO PacTBOpa JUOOPUIA
maraust-anobust (Mg / Nb) u tunmanoro M gBs . UccnenoBana yuenbHast TEMIOEMKOCTD 9THX MaTePUa-
JIOB HUKe KPUTUIECKOH Temieparypbl M gBs , KoTopast sIBJISIETCS BA>KHBIM [TAPAMETPOM IIPU OIEHKE MX
TEPMUYIECKOI CTAOMILHOCTH B CBEPXIIPOBOAIEM pexkuMe. Ha ocHoBe ab initio pacuéToB KosebaTeab-
HBIX CBOMCTB U TEINIOEMKOCTH JIJIT 060uX coeuHeHuil mokazano, uro M gNbB,y nmeer 6oJjiee BHICOKYIO
IUIOTHOCTL (POHOHHBIX COCTOSHU B amamnasone dactoT 5—7.5 T no cpasuenuto ¢ MgBy, uTo cBU-
JIETETLCTBYET O €T0 TMOBBIMEHHON TEIJIOEMKOCTU MPHU HU3KUX TEeMIIepaTypax. YCTAHOBJIEHO, UTO MPH
HU3KHUX TeMIlepaTrypax yiaeabHas Temmoémkocts M gNbB, tpeBbiaer TakoByio i auctoro M gBs
na 50 %, Gsiarojapsi YeMy TBED/bIA PACTBOP IPOsIBAET 60Jiee BHICOKYIO TEPMUIECKYIO CTAOMIBHOCTD.
OrmMmedaercst BBICOKHIT TOTEHIHAJT TBEPI0ro pactBopa MgNbB, 1 IPpaKTUIECKOIo PUMeHEeHNsT, Ha-
IIpUMEP, B COCTaBe CBEPXIIPOBOISIINX TPOBOJIHUKOB Ha 6aze M gBs.
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Introduction

The discovery of superconductivity in magnesium diboride (MgB;) marked a major
breakthrough in condensed matter physics [1]. Since its identification as a superconductor
in 2001 [2|, this simple binary compound has attracted much attention due to its high critical
temperature (7, =39 K) making it one of the most promising candidates for practical application
in superconducting technology [3].

Searching for materials with tailored properties is a fundamental task of modern solid-state
physics, which is driven by the need to deepen our understanding of matter. This also involves
the modification and enhancement of existing materials.

The performance of superconductors is largely determined by the critical temperature of
phase transition, i.e., superconductivity is temperature-dependent. Superconductors requiring
higher temperatures are more practical. Therefore, most research efforts in superconductivity
focus on finding materials that become superconductive at increasingly higher temperatures.
However, while the pursuit of higher transition temperatures remains a central objective, and a
challenge as well, it is important to emphasize that the practical applicability of superconductors
is not exclusively defined by this property. Instead, researchers have gradually become more
active in developing materials that are both technologically viable and easily accessible,
ensuring that they possess a combination of properties optimal for real-world applications.
These initiatives have arisen from the awareness that, for many practical purposes, a modest
increase in the transition temperature may not justify sacrificing other beneficial characteristics,
such as thermal stability, mechanical robustness, ease of fabrication, or accessibility. A reduction
in one property, such as the transition temperature, can be acceptable and reasonable if it leads
to a significant improvement in other critical characteristics. Hence, a more complex perspective
is needed to comprehensively evaluate superconductors in terms of their potential use. It would
bring substantial progress in the field, advancing the frontiers of superconducting technology.
Prioritizing the utility and practical viability of superconducting materials over striving for
higher transition temperatures opens the way for transformative advancements in materials
science and the application of superconductors in industry.

When exposed to varying temperatures in the superconducting regime, Mg/Nb diboride
solid solutions exhibit high thermal stability, which explains their efficiency as superconducting
candidates. The thermal stability of a material is defined by its specific heat capacity, which
is the energy demand of a substance as the temperature rises. Materials with a higher specific
heat capacity absorb more thermal energy with minimal temperature fluctuations under the
impact of heat and are thus more resistant to thermal variations. Ensuring the thermal stability
of superconductors is an important aspect of their successful application. The temperature
should be maintained below its critical point value. Otherwise, a superconductor may lose
its superconducting properties: temperature fluctuations can degrade the performance of
superconductors or even destroy the superconducting state. A higher specific heat capacity
below the critical temperature enhances the thermal inertia of a superconductor. This effect
can be interpreted as an expansion of the thermal reservoir, providing an additional mechanism
to improve the thermal stability of a superconductor.

Most superconductors are non-magnetic compounds. Their specific heat capacity at low
temperatures is affected by atomic oscillations, commonly described in terms of phonon quasi-
particles. The dependence of the specific heat capacity on temperature can be manipulated by
changing the phonon density of states.
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When phonon frequencies shift to lower values, the specific heat capacity of a superconductor
at lower temperatures increases. It absorbs more heat before the critical point is reached at
which it stops being superconducting. As a result, the superconductor becomes more thermally
stable, and the risk of accidental quench (a sudden loss of superconductivity) is reduced because
it can handle more unexpected heat loads without failing.

MgNbB, is considered here to be a promising candidate for developing a MgB, analog
with higher specific heat values below the critical temperature. Both compounds have a similar
crystal structure with nearly identical lattice symmetry and close lattice constant values [4].

MgBs; and NbB; have different critical temperature values, and the exact critical
temperature of M gNbB, solid solution is unknown. However, even if the critical temperature of
MgNbB, solid solution is extremely low, it can still be used as an extra layer on the M gB; tape
or in any other configuration, such as in a checkerboard-type pattern of long bars. Since these
compounds have nearly identical lattice constants, creating such composites seems feasible.
The structural similarities of MgNbB,; and MgBy also suggest that high-quality interfaces
can be achieved on the surface of that compound.

The purpose of this study is to explore the thermal stability of Mg/Nb diboride solid solution
and M gB; and identify the potential for practical application of M gNbB, solid solution, such
as in superconducting wires.

1. Methods

The vibrational properties of MgBs and MgNbB, were determined by ab initio
calculations of the phonon density of states (DOS). The density functional theory calculations
were performed using the Vienna ab initio simulation package (VASP) within the MedeA
software [5]. The phonon DOS was analyzed through a direct approach of harmonic
approximation. The direct approach to studying the lattice dynamics was based on the ab initio
evaluation of the forces acting on all atoms through a set of finite displacements of a few atoms
within an otherwise perfect crystal [6].

The exchange and correlation effects were described by the generalized gradient
approximation as parameterized by Perdew, Burke, and Ernzerhof. The Kohn—Sham equations
were solved using projector-augmented wave potentials and wave functions. The plane-wave
cutoff was set to 500eV. The energy tolerance for the self-consistency loop was equal to
10~ ¢V. The Brillouin zone was sampled on Monkhorst-Pack grids with 0.25 points per A.
Equilibrium geometry was obtained after several rounds of full structural relaxation including
atomic positions, cell shape, and cell volume.

2. Results and Discussion

Fig. 1. shows the calculated phonon DOS for M gBy; and M gNbB,. Both compounds exhibit
a complex structure with multiple peaks. In terms of partial atomic contributions, the PDOS
can be divided into two distinct regions. Low-energy oscillations (up to 10 THz) are induced
by the Mg and Nb modes in both pure M¢gBs and MgNbB4. In MgNbBy, the first phonon
DOS peak (up to 7.5 THz) originates from Nb ions, while the next peaks (from 7.5to 10 THz)
correspond entirely to the Mg modes. High-energy oscillations (from 10to 27 THz) for both
compounds consist only of the B modes. This study is focused on the low-temperature thermal
behavior of MgBy and MgNbBy, so the changes in the high-frequency range are not relevant
to us.
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Fig. 1. Calculated phonon density of states as a function of frequency. Red color — pure MgBs, blue
color — MgNbBy

A side-by-side comparison of the low-frequency regions for MgBs and MgNbB, reveals
that the first peak in the phonon DOS of MgNbB, occurs at frequencies lower than those
of MgBsy. This observation suggests that M gNbB, is likely to have a higher heat absorbing
capacity at low temperatures compared with MgBs.

To test this hypothesis, the lattice term for the specific heat of MgBy and MgNbB, was
determined using the calculated phonon DOS, as expressed in the following equation:

o () B

2kgT 2
B exp (kBﬂT) — 1)

where D stands for the degrees of freedom in a unit cell, g(w) is the phonon DOS. See |7]
for more details. The calculated lattice specific heat CL for MgB, and MgNbB, is given in
Fig. 2.

Fig. 2 illustrates that, in the low-temperature range, the lattice contribution to specific heat
follows a cubic trend in temperature, as predicted by the Debye theory, for both MgBy; and
MgNbBy.

Due to the higher phonon DOS of the MgNbB, in the low-frequency range (Fig.1), its
specific heat capacity at low temperatures is higher than that of pure MgB, (Fig.2, blue
region). This trend continues up to 100 K, where the two curves intersect. With further increase
in temperature, the heat capacity of pure MgBy exceeds that of MgNbB,. The integration
of CE(T) from 0 to 39K (the critical temperature of MgB,) yields the heat values of
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AQTr,p, = 32J/mol and AQj Ny, = 4.8.J/mol for MgB, and MgNbB,, respectively.
Taking in account the molar weights and densities of both compounds, the heat values AQ can
also be expressed per volume unit (the density of M gNbB, was estimated as an arithmetic mean
of MgB, and NbB, densities). Thus, AQf,p, = 0.18 J/em® and AQ}, nyp, = 0.27J/cm?
for MgBy; and MgNbB,, respectively.

T (MgB,) =39 K
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L 1 1 " 1 L 1 L 1 L 1 N
0 50 100 150 200 250 300
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Fig. 2. Temperature dependencies of the calculated lattice specific heats CZH(T) for MgBs
and MgNbBy

Therefore, the ability of MgNbB4 to function as a heat reservoir before reaching its
superconducting phase transition temperature is 50 % greater compared to MgB, in equal
volume.

Conclusions

A comparative analysis of the thermal properties exhibited by MgNbBs and MgBy; was
performed. The results reveal that M gNbB, is characterized by a significantly higher phonon
DOS than MgBs in the frequency range of 0-7.5 THz, which corresponds to the temperatures
of 0-360 K.

MgNbB, solid solution has a stronger potential for use in superconducting wires because
of how its crystal lattices vibrate compared with MgB,. These differences in the vibrational
properties affect their specific heat capacity at lower temperatures. The lattice contribution
into the specific heat capacity is higher in MgNbBs than in MgB,; throughout the
entire superconducting temperature range of MgBs (0-39K) and then up to 100K. It
means that MgNbB, can absorb more heat before reaching the critical temperature where
superconductivity is lost. The thermal reservoir capacity of this compound is about 50 % greater
than that of MgBs in the same volume: AQ{ nyp, = 0.27 J/cm? and AQf;,p, = 0.18 J/cm?,
respectively.
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Therefore, MgNbB, solid solution may be successfully applied to improve the thermal
stability of MgB,; by synthesizing them into composites of various geometry, multilayered
hetero-interfaces of these compounds. The qualitative and quantitative similarities between the
crystal structures of both compounds make it feasible to produce such solids [4]. One must
consider that the superconducting properties of Mg/Nb diboride solid solutions are still not
completely understood. In this study, MgNdB, was assumed to be a non-superconducting
material, and, if it does exhibit superconductivity, its potential for practical application is even
higher.
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