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Abstract

The electronic properties and the trends with varying dopant atomic number of III, IV, and V
main group elements in MgO have been investigated using density functional theory. It is found
that all of the geometry-optimized systems with the dopant atom replacing O in MgO exhibit
half-metallic ferromagnetic properties regardless of metal or non-metal doping, and this agrees
well with other theoretical computations. However, because of the high formation energy of
metal atoms substituting for O atoms, we have calculated metal atom substitution for the Mg
atom in MgO. We found that this system has a paramagnetic state and the formation energy is
much lower than that of the former case. Finally, we have performed calculations for MgO

doped with an F atom which shows a metallic behavior.

1. Introduction

Half-metallic ferromagnetism has attracted particular interest
in spintronics, since there is only one electronic channel at
the Fermi level and therefore nearly 100% spin polarization.
Recently, scientific interest has been focused on the d°
magnetic half-metal system, in which the interactions of p
states play an important role in forming this property. To
look for this 4° magnetic half-metal material, many researchers
have theoretically investigated monoxide materials. Elfimov
et al studied Ca vacancies in CaO using model Hamiltonian
and ab initio band structure methods, and proposed that
such a system had ferromagnetic ground states with small
local magnetic moments, which were due to a kind of
molecular Hund’s rule coupling with energetics determined
by kinetic energy and symmetry considerations rather than
by exchange interactions [1].  Osorio-Guillén et al [2]
further pointed out that one cannot obtain more than 0.003%
Ca vacancies at equilibrium conditions because of the high
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formation energy for vacancies even under the most favorable
growth conditions. Similar to Ca vacancies in CaO, MgO
with intrinsic Mg vacancies also displayed half-metallic
ferromagnetism [3]. Elfimov et al theoretically predicted a
new diluted ferromagnetic semiconductor of the N-doped SrO
system, and gave an experimental verification in 2007 [4].
However, Kenmochi et al [5] did not find finite magnetic
moment in CaO with Ca vacancies by using the Korringa—
Kohn—Rostoker coherent potential approximation with local
spin density approximation (KKR-CPA-LSDA) method that
allows magnetic disorder to be taken into account. They
also calculated B-, C-, and N-doped CaO systems using
the same method, and found that B, C, and N impurities
showed finite local magnetic moments in CaO at the oxygen
substitutional site. Moreover, these C- and N-doped CaO
exhibited room-temperature ferromagnetism with half-metallic
density of states. Because of the same cubic rocksalt structure,
B-, C-, or N-doped MgO may have similar properties to
non-metal doped CaO. Recently, Bulut [6], Dinh [7], and
Bannikov [8] groups have reported results for non-metal doped
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MgO similar to those for doped CaO, although they used
different calculation methods. Pardo et al [9] further studied
the substitutional N in the alkaline earth monoxide series MgO,
CaO, SrO, and BaO in detail by using an augmented plane
wave plus local orbitals (APW 4 lo) method. It was found
that greater delocalization was permitted and the band gap was
reduced as the cationic radius was increased (Uss = 5.5 eV).
The magnetic coupling decreased rapidly as the value of U
increased. In fact, the effect of such non-metal doping is
similar to that of the cation vacancies in MgO or CaO. For such
systems, the mechanism is different from the known transition
metal doping in oxide semiconductors, where d states play
an important role in forming ferromagnetism. The exact
mechanism for such d° half-metallic ferromagnetism continues
to be strongly debated in the literature.

Currently, much of the experiment work focuses on
transition metal doped MgO, for example, Narayan et al
produced Ni-doped MgO crystals using an arc fusion technique
and found a paramagnetic property at dopant concentrations of
0.5% and 4% in the absence of defects or charge carriers [10],
and Dutta et al synthesized 10% Cu-doped MgO by the
incipient wetness impregnation technique and found that it was
also paramagnetic [11].

In this work, we have systematically investigated the
electronic structures and the magnetism of MgO doped with
III, IV, V main group elements (both metal and non-metal
elements) under a concentration of 25%. We have investigated
the first case, in which dopant atoms replace the O atom; then
we have calculated the situation with metal atom substitution
for the Mg atom; finally we have studied an F-doped MgO
system.

2. Computational details

In this paper, a model was constructed using the MgsO03X
cell for all the impurity atoms and the Mg; X0, cell for metal
atom substitution for Mg. We used the spin-polarized density
functional theory (DFT) which was performed using the plane-
wave ultrasoft pseudopotential method [12] implemented in
CASTEP [13] to carry out the calculation of geometry
optimization and electronic structures.  The exchange—
correlation interaction was treated with the generalized
gradient approximation (GGA) using the Perdew—Burke—
Ernzerhof (PBE) functional [14], and strong correlation effects
were introduced by means of the LSDA 4 U scheme [15] by
introducing effective U for oxygen and impurity np (n = 2, 3,
and 4, the outmost p shell) states to reduce the magnetic
coupling. To further localize the moments, Uy was taken
as 5.5 eV [16]. A plane-wave cutoff was taken as 380 eV.
The Brillouin zone integration was performed within the
Monkhorst-Pack scheme [17] using 6 x 6 x 6 k points
for the cells. The iteration was terminated until the total
energy difference was less than 1.0 x 107> eV/atom and
the maximal displacement of atoms was less than 1.0 X
1073 A. The 3d electrons of Ga, Ge, and As atoms were
included in all computations. The on-site charge and the spin
magnetic moments were evaluated via Mulliken population
analysis [18]. It is well known that using the WIEN2k code

with a full-potential augmented plane wave (FLAPW), the
magnetic moments can be calculated only inside the Muffin-
tin spheres (as the difference between orbital populations
with various spin orientations), and using CASTEP, the
magnetic moments are evaluated by Mulliken formalism for
pseudoatomic orbitals. Therefore, the magnetic moments
estimated by the CASTEP method usually turn out to be higher
than those in FLAPW; however, it had little effect on the trends
we studied.

3. Results and discussions

MgO has the rocksalt crystal structure with a lattice constant of
4213 A [19], and is a nonmagnetic insulator with a forbidden
gap of 7.809 eV [20]. The valence-band maximum of MgO is
mainly contributed by O 2p state, and Mg 3s state constitutes
the bottom of the conduction band. When III, IV, and V main
group atoms substitute for O or Mg in the lattice sites, the
number of total electrons in the system decreases or increases,
leading to the movement of the Fermi level towards the valence
band or conduction band, and the system is no longer an
insulator. Here, we do not consider the Jahn-Teller effect
which does not affect the trends we investigate, just as Pardo
et al [9] pointed out that the atomic relaxations had little effect
on the localization of the magnetic moment and the magnetic
coupling.

3.1. MgO doped with III, 1V, V main group elements (both
metal and non-metal elements)

The impurity-induced polarization of the host electron spins is
characterized by the density of states (DOS) spectra shown in
figure 1. Because of the deep level of d electron states (not
shown here), they have no effects on the electron behavior and
magnetism in such systems. We first consider the electronic
structure of MgO systems doped with main group III atoms (B,
Al, and Ga), the DOS and projected DOS (PDOS) for separate
spin directions are shown in figure 1(a). The spectra of all the
three doped systems exhibit a metallic character for the spin-
up channel and have a forbidden band (band gap) for carriers
with the spin-down channel, which is different from other
papers [8, 21]. Actually, from the density of spin-polarized
states of B-doped MgO by Bannikov ef al [8] it was difficult to
identify which spin channel was conductive because the Fermi
level approached closer to the spin-up band from the DOS
figure due to B doping. Although Al and Ga atoms are metal
elements, they also display the same property as non-metal B-
doped MgO because these elements have a similar valence-
electron configuration and similar valence-electron behavior
in MgO. For MgO doped with IV (C, Si, and Ge) and V
(N, P, and As) group atoms, it also displays spin polarization
and metallic character in the spin-down direction (figures 1(b)
and (c¢)). Such a half-metallic state formed because of a
spontaneous spin polarization of electron states in the np bands
of dopant atoms. These results are in agreement with other
work [6-8, 21], although the computational methods are rather
different. In addition, as seen from figure 1, the spin splitting
near the Fermi level mainly comes from the substitutional
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Table 1. III, IV, V main groups and O, F atoms’ outermost shell orbital energies. (Adopted from: [23]).

11 v

\4 VI VII

B Al Ga C Si Ge
—7.44

-8.56 —-5.80 =576 —11.24 —-7.00

N P As o F
—-14.05 -9.69 -9.12 -—-17.03 -20.17

atoms’ np states regardless of metal or non-metal doping, and
the extent of spin splitting gets weaker with the order of the
doping of the IIl — IV — V main group atoms because the
energy difference Ae (O2p—Xnp) decreases (egzp = —8.56 €V,
gcop = —11.24 €V, engp = —14.05 €V, €gp = —17.03 €V, as
listed in table 1) and the electron density grows in this series.
The dopant np band shifts towards lower energies and leads to
a decrease in the npt—np/, splitting with the minimum for the
np orbital of the atoms doped with main group V.

Considering that electron states on the Fermi level lead to
a large ferromagnetic (FM) coupling and the electron states get
larger with increase of the atomic number of the dopant atoms
in the same group, we can conclude that MgO doped with
main group V atoms has the maximum electron states on the
Fermi level. By using the pseudopotential-like self-interaction
corrected local spin density method Dinh et al [7] predicted
that the Curie temperature of C- and N-doped (25%) CaO was
as high as room temperature.

3.2. Only metal atoms substituting Mg atoms

The electron behavior is different from that of the first case.
As expected, one Al or Ga dopant induces one more electron
and one Ge dopant induces two more electrons. The DOS
and the PDOS of these metallic atom doped MgO are shown
in figures 2(a) and (b) (here we did not list the DOS of Ga-
doped MgO which is similar to that of Al-doped MgO; while
we listed the DOS of pure MgO in figure 2 for convenience
of comparison, using the DOS of MgO as a reference), and it
can be seen that all of them did not reveal spin polarization
and the dopant atoms did not change the shape of the PDOS
on the Mg atom (the PDOS of the Mg atom is not shown
here) with only a parallel move of levels to the low energy
level (~5 eV). An electronic structure calculation for Al-doped
MgO gave a paramagnetic state, and the Fermi level moved
to high levels and entered the conduction band (figure 2(a)).
The additional electron, contributed by the Al atom, formed
impurity levels in the band gap. The width of the p orbital of
the O atom (~6.7 eV) became more delocalized compared with
the PDOS on the O atom in figure 2(c). When the Ga atom
was doped, although it has 3d electrons, the results showed
that the d electron states localized at a very deep level and
made no difference to the electron behavior and magnetism
in the system. The electronic structure of Ga-doped MgO is
similar to that of Al-doped MgO and its ground state is also
paramagnetic. However, when the Ge atom was doped in
MgO, the electron structure was rather different from that of
the Ga-doped system. The Ge 3d electrons did not affect the
magnetic behavior, either. Our calculation gave a paramagnetic
ground state of the Ge-doped MgO, as seen from figure 2(b).
This system was calculated as a semiconductor with a band
gap of 0.702 eV, and the two extra electrons formed an energy

=

DOS (states/eV)

S5 4 2 0 1 4
energy (eV)

‘Mg09,75C0,25]

DOS (states/eV)
=

8 6 4 2 0 2 4
energy (eV)

DOS (states/eV)

energy (eV)

Figure 1. Total DOS (solid) and the projected DOS on the impurity
atoms’ outermost p states (shaded) for MgO doped with III, IV, V
main group atoms, shown in (a)—(c), respectively.

band at the top of the valence band. Further analysis (figure 3)
indicates that the outermost shell p orbitals of O and Ge atoms
have moderate coupling near the Fermi level because of the
similarity of the PDOSs (we expanded the outermost shell p
electron states of the Ge atom ten times for clarity), and such
coupling makes the two extra electrons occupy the valence
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Figure 2. The density of states of Mgz AlO, and Mg;GeO, are
shown in (a) and (b); from up to down is the total DOS, and the
projected DOS on impurity and O atoms; the densities of states of
MgO are shown in (c); from up to down is total DOS, and projected
DOS on Mg and O atoms.

band, instead of the conduction band. Considering that there
is no such coupling in Al- and Ga-doped MgO, the electron
behavior of these doped systems has a close relationship with
the valence-electronic configuration of impurity atoms.

3.3. Magnetic moments, spin polarization energy, and so on of
the Mg403X systems

According to our calculations, all of the Mg4O3;X systems
displayed spontaneous magnetization and represented half-
metal ferromagnetism. The numerical values of magnetic
moments (MM) on atoms, geometry-optimized lattice constant
(a (A)), formation energy per unit cell (Ef), and the band
gap of one spin channel (E,) are listed in table 2 for MgO
doped with III, IV, and V main group atoms, respectively.

£

(5]

1
[ 5]

PDOS (states/eV)
>

| spin down

1
£

-10 -8 -6 -4 -2 0 2 4

energy/eV

Figure 3. The projected DOS on the outermost p electrons of O and
Ge atoms in Mg3;GeQy,. (The projected DOS on Ge p states is
enlarged ten times.)

Firstly, the lattice constant of the doped system increases with
dopant atomic number, since the bigger the radius of the dopant
atoms, the larger the lattice constant; the impurity hole state
becomes more delocalized and the band gap simultaneously
decreases for the same main group. Secondly, for the same
main group atom dopants, upon increasing the lattice constant
by introducing a bigger impurity atom, the MM on the impurity
atom gets smaller, which is determined by the tendency of the
impurity hole state. While different main group dopant atoms
have an effect on the MM, III main group element doped MgO
have the maximal MM per cell and on the impurity atoms. For
example, according to our calculation results, the MM on a
B atom is 2.62 ug, about 2.79 times that on an N atom, and
1.39 times that on a C atom, and MM of the B-doped MgO
cell is three times that of an N-doped cell. In principle, we
can show a qualitative explanation for it: the outermost shell
electrons of Mg and dopant atoms are arranged following the
Pauli exclusion principles and Hund rules, as shown in the
schematic diagram in figure 4. According to the molecular
orbital hybridization theory, for the B-doped situation, the
system has three unpaired electrons, while for C and N, it has
two and one, respectively. Therefore, the magnetic moment
value on B should be three times that on N, and 1.5 times that
on C, which agrees well with our calculation results. Thirdly,
comparing the values of the formation energy in the table, E¢
gets larger with the increase of dopant atomic number in the
same main group. It reveals that MgO doped with N is most
stable, which is consistent with the fact that the difference in
atom radius between N and O is the smallest for V main group
doping and the induced distortion of the lattice is the smallest.
The numerical values of formation energy for the three metallic
atoms Al, Ga, and Ge substituting for the Mg atom were
calculated as 1.260 eV, 3.035 eV, and 3.213 eV, respectively,
therefore it is a straightforward conclusion that metallic atom
substitution for the O atom in MgO is less possible because of
the much higher formation energy than in the substitution for
the Mg atom. We define the spin polarization energy (AE)
as the difference of the minimized total energy of the spin-
polarized system (ESPA) and the minimized total energy of
the non-spin-polarized (E'PA) system: AE = EMSPA — ELDA
as shown in figure 5, which is the quantification for the 2pt—
2p| splitting. Main group III atom dopants have the maximal



J. Phys.: Condens. Matter 22 (2010) 046002

G Liu et al

-7 'L\

Mg 32 ’T{’ Y
1

\
\ %
\‘ \
\ ‘r’——f-iN 2p3

KK

A}
\

Ao

AL

s
’

Figure 4. Schematic diagram of the outermost shell electrons of Mg and the arrangement of impurities (taking B, C, and N atoms as

examples) on the p orbital.

Table 2. Crystallographic lattice constant (a (A)), formation energy (E (eV unit™")), magnetic moments on atoms (g per cell), and band gap
width (EY) for the spin-up channel (x this mark represents E, for the spin-down channel) of MgO doped with IIL, IV, V main group atoms.

Magnetic moment (/4g)

Main group E; E, (eV)
atoms doped  Impurity systems  a (A) (eVunit™!) X (6] Cell  (spinup)
I MgOy.75B0 25 450  20.649 262 006 3.00 1.79*
MgOy 75Alp 25 4.83 19.838 292 0.06 3.00 1.59%
MgOy .75Gag 25 4.78 20.935 262 010 3.00 1.24*
v Mg0Oy.75Co.25 442 10.756 1.88 0.10 2.00 1.71
MgOy 75Sig.25 4.76 12.006 1.80 0.14 200 0.84
MgOy 75Ge 25 4.78 12.148 .72 0.16 2.00 0.54
\% MgOy 75N 25 4.35 10.715 094 0.08 1.00 256
MgOy.75P 25 4.69 11.977 0.80 0.12 1.00 1.15
MgOg.75A80.25 4.76 12.268 0.78 0.14 1.00 0.95
20 ; ; ; - ; ——
> 4 ‘ ]
L B - ;
E 13" Ga | > spin up:
ab = 22 :
16+ L 2 ‘
[ I g0 |
00f =— P Adl &
— i
95+ E,‘ ) g 8 5 :
9.0} Si Ge = spin down
8'5 1 1 1 1 1 1 1 :
4 8 12 16 20 24 28 32 -4 | i
atomic number - - R
8 6 4 -2 0 2 4 6
Figure 5. The spin polarization energy of MgO doped with different energy (eV)

main group atoms.

value of spin polarization energy among these three main group
atom dopants, which is due to the fact that MgO doped with
main group III atoms would induce three holes per doped
atom and the extent of spin splitting is the largest among these
three doped systems. In addition, the induced lattice distortion
can suppress spin splitting. Al and Ga dopants induce larger
lattice distortion than B dopant does, therefore the AE of
B-doped MgO is the maximum among main group III atom
dopants; however, B-doped MgO is difficult to synthesize
experimentally because of its larger formation energy.

3.4. MgO doped with an F atom

As revealed by calculation results for substituting the O atom
in MgO with III, TV, V main groups atoms (both metal and
non-metal elements) (section 3.1), we find out that the doped

Figure 6. Total DOS (solid) and the projected DOS on the F atom
outermost p states (shaded) in F-doped MgO.

MgO systems are all p-type, the doped atom’s outermost np
orbital energy is higher than that of the O atom, and the
systems formed some localized states after doping, therefore
they could display half-metal ferromagnetic properties. If the
np orbital energy of the dopant atoms is lower than that of the
O atom, what is the property of the doped MgO? So we have
calculated the F atom doping in MgO using the same method
and parameters as previously. The derived DOS is represented
in figure 6. The up and down spins are symmetric without
polarization and, surprisingly, figure 6 shows that the classical
insulator material MgO becomes a conductor after F atom
doping. The reasons could be attributed to two facts: (1) one
F atom dopant in MgO could introduce one excess electron,
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pushing the Fermi level upward, and high doping density could
possibly move the Fermi level into the conduction band and
reach a degenerate situation; (2) the 2p orbital energy of the
F atom is lower than that of the O atom (i.e. more negative
in energy), therefore it is impossible for spin splitting to take
place near the Fermi level and form the ferromagnetic state.
To sum up, for the nonmagnetic atom doped MgO to achieve
half-metallic ferromagnetism, the difference of atomic orbital
energy between the dopant atoms and the O atom is a key
factor. The work of Xia er al [22] suggested that the carrier
types depend on the difference between the orbital energy of
the valence electrons and that of the dopants and the oxygen
atoms.

4. Summary

We have systemically studied the electronic structures and
the trends of MgO systems doped with III, IV, and V main
group atoms at a concentration of 25%. For the first case, all
the systems exhibit half-metal ferromagnetic properties (the
d electrons have no effect). Besides, we have also derived
important conclusions: (1) such p-type doping, regardless
of metal or non-metal doping in MgO, displays half-metal
ferromagnetic properties as long as the doped atom np
orbital energy is lower than that of the O atom and forms
localized states after doping; (2) different atomic number
of the dopant atoms has little effect on the local magnetic
moment for the same main group, whereas different main
group dopants strongly affect the magnetic moment; (3) for
the doped systems, the trend towards spin splitting is the
easiest for B-doped MgO, whereas N-doped MgO is the most
stable among them; (4) F-doped MgO does not display half-
metal magnetic properties, instead, the system is an electrical
conductor. Different doping type leads to dramatic changes of
the properties of doped MgO. For the second case, they are
all in the paramagnetic ground state and have low formation
energy. By contrast with the first case, the derived conclusion
is that the ferromagnetism in doped MgO is caused by a hole-
mediated magnetic coupling in the np band.
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