
Auger study was performed by JAMP−9500F
Zone of excitation being 10 nm in diameter and two lattice parameters in depth

etching in Ar allows to exclude analyzing of oxidized layer  on the surface! 

Microstructure and Auger study of bulk MgB2
(etching by Ar ions was performed in the microscope  chamber)

Auger spectrum

Depth profile
MgB2.2-1.7O0.3-0.6 gray matrix

“I” – MgB0.5-0.8O0.8-0.9 white inclusions
MgB11-13O0.2-0.5 black inclusions

From Mg:2B, 2 GPa, 1050 oC, 1h

Maps of charge density distribution of MgB2-xCx

a) MgB1.825С0.125, (z=1/4, (001)) b) MgB1.5С0.5, (z=1/4, (001))

c) MgBС,  z=1/2 , (001)) d) MgB1.5O0.5, (through 7-B, 8- B and 1'-B, 2'-B)

X-ray patterns of the MgB2-based samples with high critical 
current density, jc

Boron positions are depicted as black small 
circles, Mg positions under consideration 
as gray big circles . 
Mg positions  are marked as 1, 2, 3, 4 and 
1', 2', 3', 4' for z=0 and for z=1/2, 
respectively. 
Boron positions are denoted as 1 -B, 2-B, 3-
B, 4-B, 5-B, 6-B, 7-B, 8-B and 1'-B, 2' -B, 3'-B, 
4'-B, 5' -B, 6' -B, 7' -B, 8'-B for z=1/4 and for 
z=3/4, respectively. 

In order to assess the electronic structure of MgB2-xOx compounds, we carried out ab initio calculations for 
the corresponding 2 ´2´2 and 2´2́ 1 supercells. The calculations were based on the density -functional theory 
(DFT) and performed by employing the full potential codes: the linearized augmented plane waves methods 
(FP-LAPW, WIEN2k and Elk implementations) and the full-potential LMTO method (FP -LMTO, RSPt
implementation). The exchange -correlation potential was taken into account in the local density 
approximation (LDA) and the generalized gradient approximation (GGA) of DFT. No restrictions on cha rge 
densities or potentials were imposed for the used full potential FP -LAPW and FP-LMTO methods , which is 
especially important for anisotropic layered structures. The constructed supercells were based on the 
experimental lattice parameters of the hexagonal MgB2 cell, i.e. a0=b0=0.3086 nm, c0=0.3524 nm. The lattice 
parameters aand c of the unit cell (1́ 1´1), the 2́ 2´1, and 2´2´2 supercells were first approximated by  a0 and c0, 
2a0, and c0, 2a0 and 2c0, respectively. The FP-LAPW method within DFT-GGA approximation was applied for to 
the determination of the  stable, optimized positions of the atoms and the related binding energies  Eb in the 
MgB2-xOx supercells.
LAPW method with the generalized gradient correction of exchange -correlation potential, the program package 
WIEN2K of P. Blaha, et al.

Scheme of MgB2-2´2´2 supercell

a) MgB2 (z=1/2, (001)) b) MgB1.825O0.125 c) MgB1.75O0.25
(z=3/4, (001)) (z=1/4,(001))

d) MgB1.5O0.5 e) MgB1.5O0.5, f) refers to the plane 
(z=1/4, (001))      ( z=3/4, (001))     through 7-B, 8- B and

1'-B, 2'-B of MgB1.5O0.5

Maps of charge density distribution of MgB2-xOx

No Compound Symmetry Super-

cell

Substituted 

positions

Binding 

energies,
Eb,Ry

Orde-

ring

DOS, N(EF)

states/
eV×cell.

1 MgB2 P6mmm (24) 1×1×1 -1,124 - 0,72 (Met.)

2 MgB1.825O0.125 P1 (2) 2×2×2 31-B -1,118 h 0,57 (Met.)

3 MgB1.75O0.25 P1 (2) 2×2×2 7B, 8B -1,123 p 0,49 (Met.)

4 MgB1.5O0.5 P1 (2) 2×2×2 1B, 2B, 5B, 6B -1,153 z 0,35 (Met.)

5 MgBO Pm (2) 2×2×2 1B, 2B, 5B, 6B

31B,41B, 

71B,81B

-1,230 z 0 (Semi-

conductor

gap 0.094 eV )

6 MgB1.825С0.125 P-3m1 (6) 2×2×2 1-B -1,144 h 0,635 (Met.)

7 MgB1.75С0.25 P-6m2 (12) 2×2×1 1B -1,163 h 0,554 (Met.)

8 MgB1.5С0.5 P6mmm (24) 2×2×2 3B, 6B, 31B,61B -1,201 h 0,315 (Met.)

9 MgBС P-6m2 (12) 1×1×1 1-B -1,230 h 0,54 (Met.)

Table. Calculated binding energies of MgB2-xOx and MgB2-xCx
taking into consideration the optimised atoms positions (from the point of view of the lowes binding
energy Eb), symmetry, ordering of substituted atoms, type of cell and the substituted positions.

Type of the ordering of the substituted for oxygen boron atoms in MgB2 supercell:
h – homogeneous distribution, p – pairing, z-zigzag formation

Z - contrast image of coherent oxygen-
containing inclusion in MgB2 [010] bulk.
Bright atoms- atoms of Mg.

The contrast increase in the each
second row is due to the presence of
oxygen into each secondboron plane.

R. F. Klie, J. C. Idrobo, and N. D. Browning, 
Appl. Phys. Lett. 80, 3970 (2002).

Literature  experimental data for the Discussion

Precipitates with ordered replacements of B atoms by O have the same basic 
structure as the MgB2 matrix but with composition modulations.
Longer exposure at high temperatures results in the transformation of the 
precipitates from the hexagonal Mg(B,O)2 phase with compositional 
modulations to the face-centered cubic MgO phase.
“Mg(B,O)2 precipitation in MgB2 by TEM”, X. Z. Liao et al. J. Appl. Phys. 93, 6208 (2003)

The white arrows show the columns 
of atoms in which oxygen is present. 

Effect of synthesis temperature 
on critical current density, jc

Type of B (boron) Grain size    O, wt% C, wt% N, wt% H, wt% 
B(I) <5 μm 0.66 0.31 0.48 0.32

Mg(I) turning – Technical Specifications of Ukraine 48-10-93-88)

TS=1050 oC

at 20 K in 0-1 T             
jc = 0.9 – 0.7 

MA/cm2

pinning force, 
Fp(max) at 20 K: 
7.6·109 N/m3

TS=800 oC

at 20 K in 0-
jc = 0.2 – 0.15 

MA/cm2

pinning force, 
Fp(max) at 20 K:
1.6·109 N/m3

Synthesis temperature increase leads to higher Jc in low magnetic 
fields, but to lower Jc in higher magnetic fields and vice versa       

(in the case if MgB2 structure of matrix is preserved).  

Initial 
powders:

from Mg(I):2B(I) at 2GP, 1h

ABSTRACT 
It has been shown experimentally that the stoichiometry of a 

superconducting magnesium diboride having AlB2 structure with 
a high level of superconducting properties (transition 
temperature to superconducting state, critical current density, 
upper critical magnetic field, and field of irreversibility) is close to 
MgB1.75O0.25. The ab-inito simulation confirmed the possibility of 
the existence of solid substitution solutions (boron to oxygen) 
and the energy benefit of such stoichiometry, as well as the fact 
that the impurity oxygen with the high probability is included in 
each second plane of boron of the elemental atomic cell of 
magnesium diboride, while every second hexagonal plane of 
boron of the same unite cell remains unchanged. The DFT 
calculations for the composition MgB1.75O0.25 were carried out 
using the program packages ELK v4.3.06 – all-electron full-
potential linearized augmented-plane wave (FP-LAPW, WIEN2k 
and Elk implementations) codes with exchange-correlation 
functionals for solids by Perdew-Burke-Ernzerhoff (PBE) in 
generalized gradient approximation (GGA). The k-point mesh grid 
was equal to 8×8×8 k-points. The manual optimization of the 
lattice parameters was performed by fitting the universal equation 
of state. The proper values of the muffin-tin radii were selected 
automatically at the initial stage of the calculations. Rmin(MT) 
×{|G+k|} was set to 7, where Rmin(MT) is the minimum muffin-tin 
radius used in the system. The phonon calculations (2×2×2 q-
points) were performed for the optimized structure and the 
calculations of the superconducting critical temperature were 
conducted within Eliashberg theory. In order to introduce oxygen 
in the initial MgB2, the symmetry was reduced and the supercell 
1×1×2 along the c-axis was constructed. The calculated 
superconducting critical temperature Tc for MgB1.75O0.25 is 23.3 K. 
Transition temperatures of the synthesized high density 
magnesium diboride bulks with critical current densities Jc(0 - 1 
T, 20 K)= 0.9 – 0.4 MA/cm2 were 36-38 K.
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