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Abstract. An x-ray analysis of MgB»-based materials shows that they contain MgB, and MgO
phases. According to a quantitative Auger analysis (taken after removing the oxidized surface
layer by Ar ion etching in the microscope chamber) the MgB, phase contains some amount of
oxygen that approximately corresponds to the composition MgB2.17004-06. Rietveld
refinement of the MgB, phase, based on EDX data with varying B/O content, leads to the
composition MgB1 65.1.800.2-0.32. Ab-initio modelling of boron substitution by oxygen in MgB,
(AH; =-150.6 meV/atom) shows that this is energetically favourable up to the composition
MgBi.750025 (AHy =-191.4 meV/atom). In contrast to carbon substitution, where very small
levels of doping can dramatically affect the superconducting characteristics of the material with
concomitant changes in the electron density, oxygen substitution results in very little change in
the superconducting properties of MgB,. The formation of vacancies at the Mg site of both
MgB, and substituted MgB.7500.25 was modelled as well, but has shown that such processes
are energetically disadvantageous (AH¢ of Mg 375B> and Mgo 75B1.7500.25 are equal to -45.5 and
-93.5 meV/atom, respectively).

1. Introduction

Magnesium diboride has a simple hexagonal structure in which layers of boron atoms alternate with
magnesium atom layers [1]. Differently from Y- or Bi-based high temperature superconductors the
larger coherence length of MgB, makes the superconducting current flow in the material insensitive to
the presence of grain boundaries. In fact, grain boundaries and inclusions of secondary phases having
sizes commensurable with the coherence length serve as pinning centers for Abrikosov vortices and
thus their higher density should correlate with higher critical current densities.
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SEM and Auger spectroscopy of the structures of MgB,-based materials [2-6] prepared by us under
different conditions (in flowing Ar, by hot pressing at 30 MPa, by spark plasma sintering at 16-96
MPa, under high quasihydrostatic pressure (2 GPa) — high temperature (600-1100 °C), by high
pressure-high temperature treatment of wires, by magnetron sputtering of MgB, targets and deposition
of thin films) showed that admixed oxygen is present in all materials to a rather high extent [7] due to
the high affinity of Mg to oxygen. In bulk superconducting MgB, with high critical current densities
(see, for example, Fig. 1a) and high critical magnetic fields (Fig. 1d) usually more than two phases are
present according to the SEM and Auger data (Fig. lc): (1) the matrix phase with near MgB>
stoichiometry which contains a small amount of admixed oxygen; (2) inclusions or grains of higher
magnesium borides MgBy, x>>2 (MgB4, MgB7, MgB1,, MgB17, MgB1, Mg:B:s, etc.); (3) nanolayers
(if the synthesis temperature was low) or separate oxygen enriched inclusions (if it was higher) with
near MgBO stoichiometry [7]. The reflections of the higher magnesium borides cannot be detected by
x-ray powder diffraction because the inclusions are small, dispersed in the matrix and have big and
complicated unit cells. Thus, a lot of small reflections result from the grains of higher borides, which
are not seen in the background of the intensive MgB; reflections with simple hexagonal structure. The
analysis using the FullProf Suite program package for the x-ray patterns revealed the presence of
phases with MgB, (main phase) and MgO (to a much smaller extent) structures (see, for example Fig.
l1a). According to the results of crystal structure refinement, the 2d crystallographic site, which should
be solely occupied by boron atoms in pure MgB,, is occupied by a statistical mixture of boron and
oxygen in our samples [7]. In all cases the B/O ratio in the MgB,..O, solid solution remains practically
the same and has nearly the same lattice parameters. No additional reflections that would correspond
to the superstructure of MgB,..O, were observed. Thus, the analysis using Rietveld refinement allowed
us to conclude that the composition of the phase with MgB, structure was MgB 63-1.7400.26-032 [ 7].

A positive effect in enhancing J. and the upper critical field in MgB, materials can be obtained by
dopants, in particular by carbon, carbon nanotubes, nanodiamonds or by carbon based additives, e.g.
SiC, ethyltoluene, carbohydrates, malic acid, and many others [8-13]. Some carbon goes into the
MgB; structure and slightly reduces the transition temperature, but the upper critical magnetic field
and the irreversibility field increase. If the amount of carbon introduced into MgB, is too high, the
reduction of the transition temperature annihilates the advantages of its addition.

The present paper also describes the results of ab initio calculations of the electronic structure and
stability of the MgB, compounds with partial oxygen and carbon substitution for boron. The results
presented here extend our fist results which were described in [7, 14].

2. Experimental

The microstructure of the materials was characterized by a JAMP—9500F (combined SEM and Auger
analyzers) allowing to investigate non-oxidized MgB, surfaces (by etching 1x1 mm? square surfaces
by Ar ions), to perform a quantitative Auger analysis of approximately 10 nm-sized inclusions and to
construct depth profiles of the element distribution. The critical current densities, J., of the bulks and
thin films were estimated from data obtained by an Oxford Instruments vibrating sample
magnetometer (VSM) using the Bean model [15]. The values of the upper critical magnetic field, B,
and the irreversibility field, Bir, were estimated from resistivity measurements (90% and 10% of the
resistivity just above the beginning of the transition) using the four probe technique at a current of 10-
100 mA and in fields from 0 to 15 T.
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Figure 1. (a) - X-ray diffraction pattern, (b) — dependence of critical current densities, J., on magnetic
field, poH, at 10, 20, 25, 30, 33, 35 K and (d) - SEM (SEI mode) structure of the material synthesized
at 2 GPa, 1050 °C for 1 h from Mg:2B mixture (approximate composition according to the quantitative
Auger analysis: matrix — MgB..1.700.4.06, “I” — oxygen enriched inclusions appear brightest - MgBy .
08003-00; and the boron enriched inclusions “MgB,” appear darkest — MgB7.1300.02-0.06); (€) -
dependence of the upper critical magnetic field (B.;) and of the irreversibility field (Bi») of MgB»-
based materials synthesized at 2 GPa for 1h: at 600 °C from Mg:2B (amorphous, contained 3.5 wt% of
C) and 1050 °C from Mg:2 B (amorphous, contained 0.47 wt% of C).

The electronic structure of MgB,.«Ox and MgB,.«Cx was obtained using ab initio calculations for
2x2x2 and 2x2x1 supercells within the density-functional theory (DFT) [16] by employing the full
potential codes: the linearized augmented plane wave method (FP-LAPW with generalized gradient
approximation (GGA) [17] implemented in Elk [18] and WIEN2k [19]) and the full-potential LMTO
method (FP-LMTO, RSPt implementation [20, 21] with local density approximation (LDA) [22]). All
constructed supercells were based on the experimental parameters of the hexagonal MgB, cell,
a=0.30844 nm and ¢=0.35215 nm. To analyze the adjusted (refined) positions of atoms and the related
binding energies £y, in MgB,.«Ox and MgB,.<Cx, WIEN2k [19] was applied.

For the thermodynamic calculation of the enthalpy of formation of binary and ternary compounds,
a crystal structure optimization was performed including pure B (116 k-points), Mg (84 k-points), and
the O, molecule [18]. The k-point mesh size for binary and ternary solids was set to 20x20x10 giving
in total 264 (MgB:) and 462 (MgB1.7500.25) k-points in the irreducible part of the unit cell.

X-ray phase analysis was carried out with PowderCell v2.3 [21] using the powder patterns obtained
on an X'Pert Pro/PANanalytical diffractometer (Cu K, radiation, A = 0.15418 nm) with Bragg-
Brentano geometry. Rietveld refinement was performed using the FullProf Suite program package
[24].
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3. Results and discussion

The discussion in the paper refers to the established by us processing of bulks and wires. Figures 2a, b
show isosurfaces of the electron localization function (elf) of MgB. (Fig. 2a) and MgB1.7500.25
(Figs. 2b) at elf = 0.7. The strong electron localization in MgB: between boron atoms corresponds to
strong covalent bonding within the boron network. Substitution of B atom by O leads to electron
localization around O atoms and thus bonding polarization (Figs. 2b). Oxygen atoms affect not only
the B-O bonds but also nearby B-B bonds by a deformation of the elf. Figure 2c shows the binding
energies, Ep, of MgB,xOx/Cx, i.e. of MgB, with oxygen or carbon substitutions at boron positions
calculated using WIEN2k. Figure 2d demonstrates the Z - contrast image of coherent oxygen-
containing inclusions in MgB, [010] bulk material, experimentally obtained by the authors of [26],
which confirms that oxygen (when its amount is small) prefers to reside at each second boron plane
thus leaving each second boron plane pristine. Figure 3 shows the maps of the electronic density
distribution (calculated using WIEN2K) for the pristine MgB- structure (Fig. 3a), MgB2-xOx (Figs. 3b-
d) and MgB15Cos (Figs. 3e, f). Figs. 3b-d demonstrate the cases for MgB,«Ox for x=0.25, (Fig. 3b
shows the boron plane with the embedded oxygen atoms in nearby positions, while oxygen atoms are
absent in the second boron plane (not shown) of the same unit cell.) and x=0.5. (Fig. 3c shows the
boron plane without embedded oxygen atoms, while the second (alternate) boron plane contains these
atoms.) Fig.3d displays a selected cut of the unit cell inclined to the basal boron planes to show the
boron plane with as well without oxygen and the Mg atoms of the same unit cell. Figure 3e presents
the boron plane of the MgB15Cos compound with the position of the embedded carbon atoms resulting
in the lowest binding energy. Fig. 2c and Fig. 3f demonstrate selected cuts of the MgB15Cos unit cell
to show the boron plane with carbon and the Mg atoms of the same unit cell.

It should be mentioned that for all values of x used for the calculations of the density of states
(DOS) near the Fermi level of MgB,.xO/Cx (up to x=1) the densities of state were above zero, i.e. all
the compounds show metal-like behaviour. In the case of MgB..xOx the lowest DOS (about 0.46
states/eV/f.u.) was found for MgB1.7500.25 if the oxygen atoms are in neighbouring positions [7]. If the
concentration of oxygen is higher than in MgB15005 the MgB: structure is destroyed. In the case of
MgB..«Cx the lowest DOS (about 0.3 states/eV/f.u.) was found for MgB15Cos, when carbon distributed
homogeneously (i.e. is introduced in both basal boron planes of the same 2x2x2 MgB, supercell [25]).
The maps of the electron density distribution were calculated under the assumption that the oxygen or
carbon atoms substituting boron can be shifted from the positions occupied by boron because of the
size difference of the atomic radii and the amount of electrons in their atoms.

The binding energy was calculated under the assumption of a homogeneous (curves 1 and 3)
distribution of oxygen or boron in the MgB, structure and, in parallel, for the case of a so-called
ordered distribution of the substituted atoms. This means that we calculated maps for substitutions
where oxygen atoms occupy nearby or alternative boron positions and when they move into one or
two boron planes of the unit cell.

The curves 2 and 4 (Fig. 2c) correspond to the lowest E, for each concentration of oxygen atoms
(distributed in definite order or randomly). The lowest E; is observed when oxygen moves into nearby
positions or form zigzag chains (curve 2, Fig. 2¢), while in the case of carbon there was no difference
(curves 3 and 4, Fig. 2c). Therefore, the lower Ej; in the case when oxygen moves into nearby positions
can explain the tendency of its segregation in the MgB; structure and the formation of oxygen-
enriched inclusions as well as why a rather high amount of oxygen can be present in superconducting
MgB: with a high transition temperature.

The imbedding of carbon into the MgB; structure is preferable in any case. It does not make any
difference whether it substitutes boron in a special order or homogeneously, i.e. introducing carbon
into both boron planes of the unit cell. Thus, if the concentration of carbon atoms is high, the transition
temperature and superconductivity of MgB: are essentially suppressed. Fig. 1c shows the upper critical
magnetic fields and the irreversibility fields of MgB,-based material prepared from boron to which
carbon was specially added (3.5 wt%). Usually 0.31-0.47 wt% of carbon are present in amorphous
boron. Despite the very high critical magnetic fields, the T, of the material is reduced to 34 K and not
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Figure 2. (a, b) - Isosurfaces of the electron localization function (elf) of MgB, and MgB1.7500.25 at elf
= 0.7; (c) - Dependence of the binding energy, Es, on the oxygen concentration, x, in MgB2xOx/Cx: 1,
3- homogeneous oxygen and carbon substitutions for boron atoms, respectively; 2, 4 - the lowest
binding energy for each x in the case of ordered oxygen and carbon substitutions (for example, in the
nearby positions or in pairs), respectively; (d) - Z - contrast image of coherent oxygen-containing
inclusions in MgB, [010] bulk [26]. Bright atoms - Mg. The contrast increases in each second row and
is due to the presence of oxygen in each second boron plane. The white arrows show the columns of
atoms in which oxygen is present.

Table 1. Calculated enthalpies of formation of MgB,, MgO, Mg;.«B,, and MgB,.,Ox

No Compound Enthalpy of formation,
AHf (meV/atom)

1 MgB, -150.6

2 Mg g75B2 -45.5

3 Mgg.75B2 +74.6

4 Mgg 75B1.7500.25 -93.5

> MgBy 750025 1914

6 MgB; £0q 5 -162.6

7 MgO -2719.7

8 MgOg £B 5 -82.0
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Figure 3. Maps of electron density distribution for: (a) - MgB. (z=1/2, (001)), (b) - MgB1.7500.25
(z=1/4,(001) [7]), (c) - M@gB15005 (z=1/4, (001)); z- coordinates of the plane of a 2x2x2 supercell,
where z is given in units of the ¢ parameter of a 2x2x2 MgB: supercell [25]; (d) — MgB150qs in the
transversal plane under an angle to the basal boron planes of the hexagonal unit cell, in order to show
the boron plane without imbedded oxygen atoms together with the Mg plane (i.e., the plane which
goes through 7-B, 8- B and 1'-B, 2'-B positions of a 2x2x2 supercell [25]); (€) - MgB15Cos (z=1/4,
(001)); (f) - MgB15Cos in the transversal plane under an angle to the basal boron planes (the plane
which goes through 7-B, 8- B and 1'-B, 2'-B positions of a 2x2x2 supercell).

all carbon added to boron is imbedded into the MgB: structure, only about 0.050 at%, while according
to our estimations the amount of imbedded carbon was around 0.0028 at% in materials with T, near
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38 K. However, these values are obtained from the lattice parameter which is likely influenced by the
simultaneous oxygen substitution as well.

Table 1 shows the results of our calculations of the formation enthalpy, AHs;, for MgB,, MgO,
Mg:1.xB2, and MgB..xOx. The calculations of MgB: structures with a deficit of Mg were performed
because this could as well be the reason for the deviation of composition from stoichiometric MgBs.
But, as the results presented in the Table 1 show, this is energetically disadvantageous. Moreover, the
formation of vacancies in the Mg crystallographic site with simultaneous substitution of B by O is still
less favorable than the formation of pure MgB; or even MgB;.,Ox.

The formation enthalpy of MgO is very high (exothermal process) and the introduction of boron
into the MgO structure dramatically decreases -AH:. The formation of MgBoe-0500s-09 inclusions
found in our experiments remains so far unclear. Further calculations are in progress for a
clarification. However, phases which are unexpected from enthalpy considerations of the isolated
compound may form in a multicomponent system, such as TiH; in titanium doped MgB; [27].

4. Conclusions

Ab initio calculations of the DOS, of maps of the electron density distribution and of the formation
enthalpy of MgB,-xOx/Cx structures have been performed. The results show that it is most favourable in
the case of oxygen substitution for boron to form the MgB17500.25 compound (if oxygen substitutes
boron in nearby positions). Very similar compositions were observed experimentally in MgB»-based
materials with very good superconducting characteristics. Further modelling is necessary to clarify the
formation of nanolayers and inclusions with near MgBO stoichiometry, which were observed
experimentally in MgB.-based materials.
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