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ELECTRONIC STRUCTURE OF Gd-DOPED MgO
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The electronic structure of Gd-doped MgO is investigated using the LSDA+U (local spin density approximation
with U-correction) method and compared to the MgO structure. The total density of states obtained accounting
for the correlation eﬀects in the 4f shell of gadolinium is found to be formed by the oxygen 2p states at the
valence band and the 4f gadolinium occupied states, while the conduction band is represented by a mixture of
empty electronic states. Magnetic properties of the calculated Gd-doped MgO are found to be formed solely
by the Gd-4f -magnetic moment of about 7µB , in good agreement with recent experimental results suggesting
a ferromagnetic coupling of the local magnetic moments induced by Gd.
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tunnelling process, MgO single crystal acts as a state
ﬁlter, only allowing half-metallic Bloch states with one
symmetry pass, which leads to the giant MR eﬀect. If
MgO is made ferromagnetic via dilute magnetic doping, it may also work as a spin ﬁlter [1] or induce a
large magnetic-ﬁeld eﬀect [4].

1. INTRODUCTION

Spintronics aims to manipulate spin instead of (or in
addition to) charge in solid-state systems, opening up
the possibilities to use both charge and spin degrees of
freedom of carriers in electronic devices [1, 2]. Diluted
magnetic semiconductor (DMS) compounds introduce
a dilute amount of magnetic transition metal (TM) ions
into a semiconductor [3]. Among these materials, MgO
is a very promising material for spintronics which with
additional spin alignment may show more functionalities, such as spin ﬁlter, in addition to playing the role
of an electronic-state ﬁlter [4]. For practical purposes,
ferromagnetic ordering or coupling is desirable. Magnetic transition metals doping wide-gap semiconductors show ferromagnetism. Recently, ferromagnetic ordering above room temperature was also observed in
a rare earth (RE) metal doped wide-gap semiconductors [5–9].
In this kind of doping, in contrast to transitionmetal doping, the amount of ions to induce ferromagnetism is signiﬁcantly reduced. MgO, a wide-gap insulator, is of huge interest as a tunnelling barrier in
spintronics applications. A high magnetoresistance ratio was predicted theoretically [10, 11] and realized experimentally [12, 13] in magnetic tunnelling junctions
with MgO single crystals as tunnelling barriers. In the
*

In [4], a dilute magnetic insulator based on MgO
with an ordering temperature higher than room temperature was achieved, after implantation of 300 keV
Gd ions into MgO. It was shown that the implantation of nonmagnetic ions (Ar and C) into MgO only
results in enhanced paramagnetism; this implies that
the observed ferromagnetism in Gd-implanted MgO is
not due to the magnetic coupling between defects with
local moments.
Doping MgO with transition metals, like vanadium
in [14], shows that in a ﬁrst-principle study of the energetic and magnetic properties of the V-doped MgO, V
assumes a high-spin state with a local moment of about
3 µB . Then the interaction between these local moments is very short-ranged and the antiferromagnetic
(AFM) ordering is energetically more favorable. But
the formation of V–VMg –V defect clusters was found
to weaken the antiferromagnetic coupling in bulk MgO,
degenerating the AFM and ferromagnetic state. It was
also found that the formation energy of V at the surface is considerably higher than in the bulk and V is
therefore expected to diﬀuse from the surface into the
bulk of MgO.
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pounds can be found, for example, in [20]. For doped
MgO compounds, the LSDA+U method in comparison with other computational approaches was demonstrated in [14] to be eﬃcient in describing characteristics of V-doped MgO.

In this paper, we report the results of the electronic
structure calculations for Gd:MgO with one Mg ion
substituted by Gd using the LSDA+U (local spin density approximation with U-correction) method. We discuss the role of the Gd impurity in magnetic properties
and electronic structure of Gd:MgO.

3. RESULTS AND DISCUSSIONS
2. COMPUTATIONAL DETAILS

5

Density of states, 1/eV cell

The calculation of the electronic structure of MgO
without doping was done ﬁrst. The electronic structure
of MgO was calculated in the local spin density approximation (LSDA) in the framework of the band calculation package TB-LMTO-ASA (tight-binding, linear
muﬃn-tin orbitals, atomic sphere approximation) [15].
A simple rocksalt structure was taken. The radii of
MT (muﬃn-tin) spheres for LMTO (linear muﬃn-tin
orbitals) calculations were R(Mg) = 2.4 a. u. and
R(O) = 2.1 a. u.; empty spheres (atomic spheres with
zero nuclear charge) were added to ﬁll the space. The
following muﬃn-tin orbitals were taken: O (2s-, 2p-,
3d-), Mg (3s-, 3p-, 3d-). The muﬃn tin orbitals Gd
(6s-, 6p-, 5d-, 4f -) were taken in Gd:MgO. In a supercell containing 8 ions (2 × 2 × 2), one Mg ion was
substituted by one Gd ion. In previous studies (see,
e. g., Ref. [16]), it was clearly demonstrated that the
inﬂuence of Gd when substituting Zn in an insulator
like the ZnO lattice is conﬁned to the nearest O neighbors [16]. For this reason, the densities of states for different Gd:MgO supercells are very close, and no sizing
eﬀects related to the number of atoms in the supercell
were found [16]. In our work, integration in the reciprocal space was performed using the total number of
k-points 6 × 6 × 6 = 216. Empty atomic spheres without nuclear charge were inserted to ﬁll the interstitial
regions.
Then the band structure of Gd-doped MgO was further calculated in the LSDA+U method [17, 18]. In
this method, a Hubbard-like correction for a particular
shell (in our case, Gd-4f ) is included as an orbitaldependent potential in the calculations to enhance the
electron–electron interaction (underestimated in the local density approximation) with parameters U for direct and J for exchange interactions (see Ref. [18] for
further details). For the Gd 4f shell, this results in the
presence of occupied and unoccupied narrow bands [17]
far away from the Fermi energy, in agreement with
the experimental data of spectroscopy for elemental
Gd [18] and other gadolinium compounds [19]. The
capability of the LSDA+U method to correctly reproduce the electronic structure of other rare-earth com-

In Fig. 1, the calculated densities of states for MgO
are shown. The valence band is formed mainly by the
oxygen 2p-orbital contribution from −5 eV to the Fermi
energy (EF ), and the conduction band by a mixture
of empty states with a dominating Mg 3p broad band
above 15 eV. The LSDA calculation gave the band gap
value equal to about 5 eV, which underestimates the
experimental value. At −18 eV, a separate band is composed of O 2s states. This is the well-known problem
of band gap underestimation in the L(S)DA approach,
where the potential is orbital-independent. The estimate can be improved by means of the LSDA+U
method, where the orbital-dependent potential acts on
the occupied and unoccupied orbitals diﬀerently [17].
The electronic structure of Gd-doped MgO was calculated in the LSDA+U method [17, 18] in the framework of the band calculation package TB-LMTO-ASA.
A supercell of 8 atoms was taken, where the central
Mg was replaced by the Gd ion with the same radius

O–2p
Mg–3p
O–2s
total

4

3

2

1

0

–10

0

10

20

30

Energy, eV
Fig. 1. The total and partial densities of states of MgO from
the LSDA calculation. The dashed curve shows the total density of states, the dark shaded area — the Mg-3p-states, the
O-2p-states are given with the solid curve, while the light
shaded area below −15 eV denotes the O-2s-states. The Fermi
energy corresponds to zero

390

Density of states, 1/eV cell

ЖЭТФ, том 149, вып. 2, 2016

Electronic structure of Gd-doped MgO
states and empty Gd states. In general, the insulating character of MgO changes to a metallic one with
some low density of states at the Fermi energy. These
states are given by a mixture of states, similar to the
conduction band in MgO.
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In summary, using the LSDA+U approach, we
have investigated the role of the Gd impurity in
Gd-doped MgO. We found that magnetic properties
are formed by the Gd-4f -spin moment equal to 6.8µB
and expected to form ferromagnetic interaction among
impurities in agreement with recent experimental data.
Taking into account the correlation eﬀects, the density
of states is found to be formed by oxygen 2p states at
the valence band and 4f -gadolinium occupied states,
while the conduction band is composed by a mixture
of empty electronic states.
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Energy, eV

Fig. 2. The total and partial densities of states of Gd:MgO
from the LSDA+U calculation. The dashed curve shows the
total density of states, the dark shaded area — the Gd-4f -states, the O2-2p-states are given with the solid curve, while the
light shaded area — the O1-2p-states. The Fermi energy corresponds to zero.
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of the muﬃn-tin sphere. In the LSDA+U method, the
Coulomb interaction for Gd 4f orbitals was taken into
account via the parameters of direct (U) and exchange
(J) Coulomb interactions of the 4f electrons in Gd as
U (Gd) = 6.7 eV and J(Gd) = 0.7 eV, in agreement
with the values for elemental Gd metal [18].
In the LSDA+U calculation, we found the
Gd-4f -spin moment equal to 6.8µB as expected for
the Gd ion in metals with the ferromagnetic coupling
to the other Gd ions, in agreement with recent experimental data on Gd-implanted MgO samples [4].
The Gd 5d states have a negligible spin polarization,
whereas other states of gadolinium are almost empty.
In Fig. 2, the LSDA+U-calculated density of states
taking the correlation eﬀects in the Gd 4f shell into account are shown. The 4f -gadolinium occupied states
manifest themselves with a sharp band structure at
−7 eV below the Fermi energy, while the empty 4f
states are well separated and can be found near 4 eV
above EF . As in pure MgO, the oxygen 2p states in
Gd:MgO form the ground part of the valence band from
−14 to −8 eV below EF . But due to the Gd ion in
the supercell, some oxygen atoms remain of the same
type (we let them be denoted by O2), surrounding Gd,
whereas one oxygen ion (O1) is located far from Gd and
becomes inequivalent, with a diﬀerent energy position
from about −8 to −10 eV below the Fermi level.
Noteworthy, in the conduction band Gd-doped
MgO is composed of a mixture of empty electronic
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