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First principles study of the Be–C co-doped MgB2 system∗
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Abstract: We study the Be–C doped MgB2 system by the first principles method based on density functional theory.
The compensation effect between electron type doping and hole type doping is shown in the total density of states
on the Fermi level, the real part of optical conductivity, and the number of effective carriers. The compensation
mechanisms are discussed. The critical temperatures for different systems are calculated.
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1. Introduction

Since the discovery of the superconductivity of MgB2

with critical temperature TC = 39 K[1], much work has been
done to study the underlying superconducting mechanism[2−9].
The isotope effect of boron shows that MgB2 can be approx-
imately categorized as a BCS-type superconductor[8], and the
high TC originates from the strong electron–phonon couplings.
Recently, the impurity effect on MgB2 has attracted much at-
tention. Actually, both electron type and hole type doping have
been already discussed. On electron type doping, Karpinski
et al. have found that the critical temperature falls and the
lattice volume reduces as the Al concentration increases[10];
research on the C-doped MgB2 system[11] shows similar re-
sults. On hole type doping, the unit cell volume and TC of
the Na-doped MgB2 system increase simultaneously as the
Na concentration increases[12]. Experimental research on the
Li-doped system shows that the lattice parameter a increases,
c changes little, and TC decreases as the Li concentration
increases[13]. It is well known that B layers play an impor-
tant role in the superconductivity of the MgB2 system, so if
B atoms are substituted by a dopant, the structure, the inter-
band scattering, and the superconductivity of the system can
be influenced. The substitution of B by Be is hole type doping,
and the substitution of B by C is electron type doping. Both
Be doping[14] and C doping[15] have already been studied, but
the Be–C co-doped case has not been reported. We study the
Be and C co-doped MgB2 system, i.e. the coexistence of the
two kinds of doping. The electronic structure, the optical prop-
erties, and the critical temperature of the doped systems are
discussed.

2. Computational details

We study C and Be co-doped MgB2 systems by the first
principles method based on density functional theory. All cal-

culations are based on a 2 × 2 × 2 supercell, and a 4 × 4 × 3
k-point mesh in the Brillouin zone is used. The ultra pseudo-
potential approximation is adopted to describe the interac-
tion between the valence electron and the ion core, and the
plane wave set is used to express the electron wave function.
The exchange-correlation potential is treated by the general-
ized gradient approximation, and the precision of the self-
consistent energy per atom is 2.0 µeV. The supercell of the
Be–C co-doped system is shown in Fig. 1.

3. Results and discussion

3.1. Geometric optimization

Geometric optimization results are listed in Table 1. It is
obvious that, compared with the optimized result of the pure
system, Be doping makes a, b, c and the unit cell volume big-
ger; C doping makes a, b, c and the cell volume smaller, while
Be–C co-doping makes a and b a little bigger and c bigger,
where the change in c is much more obvious than that in a and
b, and the cell volumes of the Be–C co-doped system become
bigger, too. All these varieties are related to the different inten-
sities of the B–B bond, B–C bond, and B–Be bond. This can
also be seen in the bond population of the different systems.

Fig. 1. Supercell of Mg(B7/8Be1/16C1/16)2.
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Table 1. Lattice parameter.

System Before optimization After optimization

a

(10−10 m)

b

(10−10 m)

c

(10−10 m)

v

(10−30 m)

a′

(10−10 m)

b′

(10−10 m)

c′

(10−10 m)

v′(supercell)

(10−30 m)

v′′ (unit cell)

(10−30 m)

MgB2 6.172 6.172 7.048 232.51 6.093 6.093 7.061 227.17 28.40

Mg(B7/8Be1/8)2 6.172 6.172 7.048 232.51 6.202 6.202 7.174 238.50 29.81

Mg(B7/8C1/8)2 6.172 6.172 7.048 232.51 6.013 6.013 7.033 220.08 27.51

Mg(B7/8Be1/16C1/16)2 6.172 6.172 7.048 232.51 6.099 6.099 7.132 229.28 28.66

Table 2. Bond population of different systems.

System Bond Population Bond length (nm) Population of

unit bond (nm−1)

Average population of unit

bond of different bond (nm−1)

MgB2 B–B (Covalent bond) 1.43 1.78658 0.80041 0.86624

1.57 1.74607 0.89916

Mg(B7/8Be1/8)2 B–B (Covalent bond) 1.48 1.78400 0.82960 0.86748

1.54 1.73263 0.88882

B–B (Ionic bond) −0.26 2.88854 −0.09001 −0.08778

−0.24 2.88096 −0.08331

Be–B 1.35 1.91332 0.70558 0.70995

1.37 1.90624 0.71869

Mg(B7/8C1/8)2 B–B (Covalent bond) 1.54 1.77359 0.86830 0.89538

1.61 1.70651 0.94345

B–B (Ionic bond) −0.44 2.98429 −0.14744 −0.14480

−0.41 2.97512 −0.13969

C–B 1.33 1.70217 0.78136 0.79877

1.40 1.67943 0.83362

Mg(B7/8Be1/16C1/16)2 B–B (Covalent bond) 1.44 1.75280 0.82155 0.87777

1.61 1.69142 0.95186

B–B (Ionic bond) −0.41 2.95930 −0.13855 −0.13613

−0.23 2.82294 −0.08147

Be–B 1.33 1.89554 0.70165 0.73274

1.47 1.84922 0.79493

C–B 1.31 1.71809 0.76247 0.78695

1.41 1.68679 0.83591

The results are given according to the range of population of unit bond.

3.2. Doping and bond population

The bond populations of the different systems are shown
in Table 2. In order to study the change of most bonds, the av-
erage populations of the unit bond of different bonds are given.
The following comparisons are based on the average intensity
of the same kind of bond. First, the intensity of the B–B cova-
lent bonds changes a lot, and some B–B ionic bonds exist in
each doped system. Compared with the pure system, the B–B
covalent bond of the doping systems becomes stronger. The
B–B covalent bond of the Be–C co-doped system is stronger
than that of the Be doped system, but weaker than that of the C

doped system; a similar case happens for the B–B ionic bond.
In the Be–C co-doped system, the Be–B bond and C–B bond
are weaker than the B–B bond, and the Be–B bond is weaker
than the C–B bond. This fact is related to the compensation
effect of the two kinds of doping.

3.3. Doping, energy structure and density of states

The calculated band structure and the density of states
for different systems are shown in Figs. 2 and 3, respec-
tively. Here, the symmetry k-points are G(0, 0, 0), F(0, 0.5, 0),
Q(0, 0.5, 0.5), and Z(0, 0, 0.5). All the systems have metallic
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Fig. 2. Energy band of different systems: (a) MgB2; (b)
Mg(B7/8Be1/8)2; (c) Mg(B7/8C1/8)2; (d) Mg(B7/8Be1/16C1/16)2.

Fig. 3. DOS of different systems: (a) MgB2; (b) Mg(B7/8Be1/8)2; (c)
Mg(B7/8C1/8)2; (d) Mg(B7/8Be1/16C1/16)2.

characteristics, and the evident changes originating from dop-
ing are mainly located near the Fermi level. The densities of
states on the Fermi level are shown in Table 3. It is known that
the states near the Fermi level are primarily contributed by the
atoms in the B layer. Additionally, there is a new peak near
–13 eV for both C and Be–C doped cases; this is mainly con-
tributed by the C2s states and C2p states. Compared with the
pure MgB2 system, the compensation effect between Be

Table 3. DOS on the Fermi level of different systems.

System N1(EF) (state/eV) N2(EF) (state/eV)

MgB2 4.694 3.886
Mg(B7/8Be1/8)2 7.135 6.055
Mg(B7/8C1/8)2 3.534 3.006
Mg(B7/8Be1/16C1/16)2 4.695 3.993

N1 is the total DOS, and N2 is the DOS contributed by the atoms in B
layer.

Table 4. Critical temperature.

System TC (Experiment) TC (Theory calculation)

MgB2 39 Ka) 38.90 K
Mg(B7/8Be1/8)2 33.13 Kb) 69.8 K
Mg(B7/8C1/8)2 18.31 Kc) 20.76 K
Mg(B7/8Be1/16C1/16)2 — 38.93 K

a) Ref. [1]; b) Ref. [14] ; c) Ref. [15].

doping and C doping can also be seen as the total DOS on
the Fermi level of the Be doped system increases, and that of
C doped system decreases; for the Be–C co-doped system, the
total DOS on the Fermi level lies between that of the Be doped
and C doped systems because of the compensation effect.

3.4. Doping and superconductivity

According to BCS theory, the critical temperature TC of
a superconductor is related to DOS on the Fermi level. We can
calculate TC by the McMillan formula.

TC =
ω

1.2
exp

−1.04(1 + λ)
λ − µ∗(1 + 0.62λ)

, (1)

where λ = [N(EF)/N0(EF)] λ0
[16], µ∗ = [N(EF)/N0(EF)] µ∗0,

N0(EF), λ0, and µ∗0 are the total DOS on the Fermi level, the ef-
fective electron–phonon interaction, and the Coulomb pseudo-
potential for pure MgB2, respectively, N(EF), λ, and µ∗ are the
corresponding ones for the doped system, and ω is the De-
bye frequency. In general, we take µ∗0 = 0.10, λ0 = 0.87,
ω = 706 K. The calculated TC are shown in Table 4, and
are compared with experiments[14, 15]. It should be pointed out
that the calculated TC of the C doped system is in agreement
with experiment, while for the Be doped system the agree-
ment is not so good. This means that the superconductivity
of the doped MgB2 cannot be perfectly explained by the BCS
theory.

3.5. Doping and optical properties

The compensation effect of Be doping and C doping can
also be shown by the optical properties. The interband optical
conductivity is determined by the band dispersion and transi-
tion matrix element:

σ1, α(ω) =
2πe2

Vωm2

∑
k

∑
f , i, f

|⟨k f |∇α| ki⟩|
2

f (εki)

× [1 − f (εkf)]δ(εkf − εki − ~ω), (2)
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Fig. 4. Optical conductivity of different systems versus wave number.

where the indices i( f ) count bands of initial (final) transition
states, V is the unit cell volume, m is the free electron mass, e is
the electron charge, and ω is the frequency of normal incident
light. The relation between the real part of optical conductivity
and the wavenumber is shown in Fig. 4.

There is evident optical anisotropy for each system.
When the electric field polarized direction of normal incident
light is parallel to the a axis (E � a), the optical conductiv-
ity is little affected by different doping in the region of–10000
cm−1, and in the region of 0–10000 cm−1 the optical conduc-
tivity varies sharply. The in-plane optical conductivity shows
an intense interband peak at about 5000 cm−1 in the Be doping
case. In the C doped system, the peak in the region of 0–10000
cm−1 becomes smaller; the optical conductivity decreases. The
peak mentioned above is reduced in the Be–C co-doped case
because of the compensation effect between the two kinds of
doping. When E � c, the optical conductivity varies mainly in
the region of 0–20000 cm−1, there is an interband peak at 6000
cm−1; the conductivity of the C doped system changes little
and there is a small peak at 14000 cm−1; this is the result of
the compensation effect between the two kinds of doping. The
number of effective carriers can be obtained through the opti-
cal conductivity as[17]

Neff(ω) =
2m0Vcell

πe2

∫ ω
0
σ1(ω′)dω′, (3)

where m0 is the free electron mass, Vcell the unit cell vol-
ume, e the electron charge, and ω the frequency of nor-
mal incident light. The numbers of effective carriers for
different systems are shown in Fig. 5. There is evident
anisotropy for each system. In the Be doped system, in the
region of 0–60000 cm−1, the number of effective carriers for

Fig. 5. Effective number of carriers of different systems versus wave
number.

the E � a case is bigger than that for the E � c case. In the
Be–C co-doped system, the number of effective carriers for
the E � a case is bigger than that for the E � c case in the re-
gion of 0–36000 cm−1, while in the region of 36000–60000
cm−1, the number of effective carriers for the E � a case is
smaller than that for the E � c case. For the pure system, the C
doped system, and the Be–C co-doped system, the relative re-
lations of the number of effective carriers in the E � a case
to that of the E � c case are similar. In the case of E � a,
Neff(ω) increases sharply for the Be doped system; for the C
doped system, Neff(ω) changes little; for the Be–C co-doped
system, Neff(ω) is smaller than that of the Be doped system,
but larger than that of the C doped system because of the com-
pensation effect. In the case of E � c, the Neff(ω) for different
systems are similar to those for the E � a case.

4. Conclusion

We have studied pure MgB2 and its doped systems by
different atoms by the first principles method based on den-
sity functional theory. For all the doped systems, the B–B
bonds are stronger than those of the pure system. The Be–
B bond and C–B bond are weaker than the B–B bond in the
Mg(B7/8Be1/16C1/16)2 system; there are B–B ionic bonds in
the Mg(B7/8Be1/16C1/16)2 system. The total density of states
on the Fermi level of the Mg(B7/8Be1/16C1/16)2 system is
higher than that of the C doped system, but lower than that
of the Be doped system. The superconductivity critical tem-
perature of the Be–C doped system is higher than that of the
C doped system, and lower than that of the Be doped system.
When the normal incident direction and the wavenumber of
the light is identical, the real part of the optical conductivity
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of the Be–C doped system is bigger than that of the C doped
system, and smaller than that of the Be doped system in the re-
gion of 0–10000 cm−1; while in the region of 0–60000 cm−1,
the number of effective carriers of the Be–C doped system is
bigger than that of the C doped system, and smaller than that
of the Be doped system. This may be accounted for by the
compensation effect between the two kinds of doping. Mecha-
nisms for the changes have been discussed.
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