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Origin of ferromagnetism in molybdenum dioxide from ab initio calculations
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We have performed spin-polarized calculations of the unexpected ferromagnetism in ultrathin films of
molybdenum dioxide (MoO,) within the framework of density-functional theory. It is found that the ideal bulk
MoO, is metallic and nonmagnetic. Bulk MoO, with Mo vacancy, O vacancy, Mo interstitial, or O interstitial
remains to be nonmagnetic. Using slab calculation, we observed ferromagnetism in both oxygen-rich and -poor
MoO, (100) surfaces with average surface magnetic moment 1.53 and 0.69up per surface Mo atom, respec-
tively. The partial density of states of surface Mo atom at the Fermi level (Eg) is much larger than that of the
Mo atom in the center of the slab and in bulk MoO,, which indicates that ferromagnetism in surface (100) is
due to Stoner instability. Enrichment of oxygen at the surface is found to be more favorable for ferromagnetism
in MoO, (100). The 2p states of surface oxygen atoms are significantly hybridized with the 4d states of Mo

atoms and are appreciably spin polarized.
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Spintronics materials have large potential in the field of
data processing, data storage, transmission of digital infor-
mation and magnetic sensor. These materials have the capac-
ity to integrate the electronic and magnetic properties in a
single material, which produce high speed, low cost, and
small-sized devices operating at very low power. Diluted
magnetic semiconductors (DMS), obtained by doping transi-
tion metals and sometimes even nontransition metals in
semiconductors, are promising spintronic materials. How-
ever, the material issues related to DMS, such as uniform
doping and secondary phase, are still hard to solve. There-
fore, the undoped pure spintronics materials offer another
approach, which is free of these problems, and they are under
active investigation. Ferromagnetism at room temperature
has been found in undoped HfO,, TiO,, In,03, ZnO, and
SnO, films.'"* Some metal oxides such as CeO,, Al,O;,
Zn0O, In,03, and SnO, are not magnetic in bulk but show
ferromagnetism at room temperature in their nanoparticles’
with diameter 7-30 nm. The origin of ferromagnetism in
films and nanoparticles may be due to defects, such as va-
cancies and interstitials, size effect and low dimensionality.
For example, it is found that the d° magnetism observed in
HfO, can be driven by the intrinsic point defects of Hf.!
Surface states and surface resonance states can also play
an important role in the magnetism process; it may lead
to magnetic behavior which has not been seen in bulk mate-
rials. Surface ferromagnetism of transition metals such as
Cr (001), V (100), and Fe (001) has been studied by first-
principles calculations.®~3

Molybdenum-based materials are used to form the stable
coordination environments and have been widely used as
catalyst in the petrochemical industry for selective oxidation
and isomerization of hydrocarbons.® MoO, is a suitable com-
mercial anode material for rechargeable lithium-ion
batteries.!®!! It also has exceptional optoelectronic proper-
ties, which have wide applications. However, its magnetic
properties have not been much explored, since bulk MoO, is
a nonmagnetic material.'>!3 Although doping Fe atoms in
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MoO, (100) films can lead to room-temperature ferromag-
netism, the problem of precipitation of dopants still remains.
Surprisingly, it is observed recently that the highly a axis
oriented undoped thin film of MoO, shows ferromagnetism
at room temperature by near-edge x-ray absorption fine
structure and x-ray magnetic circular  dichroism
experiments.'* The ferromagnetism of clean MoO, is very
desirable not only because there is no issue of precipitation
but also there is no compromise of other good properties of
MoO, due to introducing of alien atoms. The ferromagnetism
of the clean MoO, film, in combination with the existing
exceptional properties of MoO,, will bring novel and impor-
tant applications. The unexpected ferromagnetism requires a
new understanding and calls for explanations. In this Brief
Report, we have performed detailed computational study of
MoO,, with a goal of identifying the origin of the ferromag-
netism of undoped MoO, film. Unlike HfO,, it is found that
defects, such as Mo and O vacancies and Mo and O intersti-
tials cannot induce magnetism in MoO,. Instead, the surface
effect is found to significantly enhance the density of states
(DOS) of the surface Mo atoms at the Fermi level, and hence
induce the magnetic instabilities. In oxygen-rich surfaces, the
larger magnetization and more stable ferromagnetism are ob-
served.

The first-principles calculations were performed using
projected augmented wave method" as implemented in
Vienna ab initio simulation package.'®!” The Perdew-
Burke-Ernzerhof  generalized gradient approximation
(GGA-PBE)'®!® was used for the exchange-correlation po-
tential. The test of energy cutoff from 300 to 600 eV shows
that 350 eV is already accurate enough. The plane-wave cut-
off energy in our calculations is set to 400 eV. The atomic
geometries are fully optimized until the forces on each atom
are less than the threshold value of 10 eV/A. The molyb-
denum potential with 4p, Ss, and 4d electrons as valence
states and the oxygen potential with 2s and 2p electrons as
valence states have been used. The Gaussian smearing width
is 0.2 eV. All Brillouin zone integrations are performed with

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.012402

BRIEF REPORTS

° e\ e\ e\\ 9 76
WA .
W&
S NN °
(a) (b)
A\ ,0‘.»‘,0‘,&',0‘,9‘;9‘ \ e
LS S S S S S ' AN r’?’ a®
‘\H:n,-’o». io.(o/.ag ..ﬁ' 1° 0» 040“” \
P S S D I d ° \
(c) (d)

FIG. 1. (Color online) (a) and (b) are the view along (100)
direction, (c) and (d) are the side view of surface and bulk MoO,.
The small red spheres are oxygen and the large spheres are
molybdenum.

a Monkhorst-Pack generated k-points mesh.?’ k-points mesh
2X2X2 and 1 X2 X1 were found to be sufficient to reach
convergence for bulk and surface calculations, respectively.
MoO, is the monoclinic structure with space group
P2,/c at ambient conditions. The calculated lattice param-
eters are a=5.76 A, b=4.901 A, ¢=5.687 A, and B
=121.5° within GGA, in good agreement with experimental
data (a=5.6109 A, b=4.8562 A, ¢=5.6285 A, and B
=120.95°).2! The original unit cell is expanded to a (2X2
X 2) supercell containing 96 atoms in total for bulk calcula-
tions. The MoO, (100) surface is simulated by slab model.
The four-layer slab of MoQO, is chosen for calculation of the
surface. The size of the slab is 2 X2 X4 with 192 atoms in
the whole slab model. The number of layers in slab is very
important for periodic slab model to get reasonable results.
For this purpose, we have performed several tests to asses
the convergence of the surface energy with respect to the
number of layers (up to six) using PBE. All atomic positions
were relaxed during these calculations. Surface energies
were calculated as

E1a = Emoo,NMo0,
surf = 28

E

)

where E;,, is the total energy of the supercell, Eyoo, is the
reference energy for a MoO, unit in the bulk phase, Nymoo, is
the number of MoO, unit in the supercell, and S the surface
area of one side of the slab. It is observed that surface energy
is quite similar for the slabs of four and six layers, which is
found to be around 1.77 J/m?. Therefore, the four-layer slab
of MoO, is chosen for all calculations. We tried different
vacuum sizes and found that a vacuum of thickness of 12 A
is enough to decouple the adjacent slabs. Figure 1 shows the
optimized atomic structure of the ferromagnetic (FM) MoO,
(100) surface and bulk MoO,. Ferromagnetic stability is as-
sessed by calculating the total energy difference between the
antiferromagnetic (antiparallel) configuration and ferromag-
netic (parallel) configuration. The system is ferromagnetic if
the ferromagnetic configuration has the lower total energy.
First we have studied the magnetic properties of ideal
bulk MoO,, which is found to be a nonmagnetic metal. De-
fects in bulk materials can play an important role with re-
spect to electronic and magnetic properties of the system.
Bulk HfO, is also found to be nonmagnetic if it is defectless.
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FIG. 2. (Color online) DOS of bulk, surface, and center molyb-
denum atom for molybdenum dioxide (100) surface (nonspin-
polarized calculation), the vertical red dot line indicate Fermi level
(Ep=0 eV).

After introducing Hf vacancies, it becomes ferromagnetic.1

We have also studied bulk MoO, with Mo or O vacancies
and found that vacancies cannot induce magnetism in MoO,.
The different role of vacancies played in bulk MoO, and
bulk HfO, is maybe due to their different electronic struc-
tures. In bulk HfO,, all of Hf valence electrons are trans-
ferred to O and form ionic bonds, giving rise to large energy
gap. After introducing Hf vacancy, the electrons in the O
atoms near the Hf vacancy are quite localized and occupy the
gap states. Therefore, the magnetic moments are mainly lo-
calized in the O atoms close to Hf vacancy. The electronic
configuration of Mo atom is 4d° 5s'. In MoO,, Mo has a
valence of +4 and has two 4d electrons unbound. In the DOS
of ideal bulk MoO,, one can see that the states at the Fermi
level are mainly from the d states of the unbound d electrons
of Mo (Fig. 2). Therefore, the unbound d electrons in Mo
atoms are itinerant electrons. Therefore the mechanism of the
ferromagnetism observed experimentally in MoO, and HfO,
should be different. Further considering Mo and O intersti-
tials in bulk MoQO,, our calculations still show that MoO, is
not magnetic. Thus, it is not likely that the experimentally
observed ferromagnetism in MoQO, films is due to the de-
fects.

Apart from defects, reducing the dimensionality of the
material can also affect the electric and magnetic properties.
It has been found that some materials, which are otherwise
nonmagnetic, possess surface ferromagnetism.>~® We studied
a axis oriented undoped thin film of MoO, by using slab
model. It is observed from calculations that oxygen termi-
nated or oxygen enriched the MoO, (100) surface is ferro-
magnetic. The ferromagnetic configuration is lower in energy
than the antiferromagnetic (AFM) configuration by 351 meV.
The magnetic moments are mainly localized at the first sur-
face Mo layer. Each Mo atom in the first surface layer has
magnetic moment of about 1.53 ug. The magnetic moment of
the second Mo surface layer is abruptly reduced with a mag-
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netic moment 0.11up per Mo atom. The magnetic moments
come from the 4d orbital of Mo in the first layer. In contrast,
the magnetic moments in HfO, are mainly due to the 2p gap
states of the oxygen atoms close to the Hf vacancy.!

We have also studied the oxygen-deficient surface by re-
moving the outmost oxygen layer in the formerly studied
oxygen-rich slab. Interestingly, it is observed that after relax-
ation of the system, oxygen atoms initially below the first
Mo layer move outwards to the surface and finally occupy
topmost positions. This indicates that no matter the MoO,
(100) surface is O rich or deficient, it tends to be oxygen
terminated. The oxygen-deficient MoO, (100) surface is also
found to be ferromagnetic. The average magnetic moment
0.69up per surface Mo atom is smaller than that in oxygen-
rich (100) surface. The energy of ferromagnetic order is
286.8 meV lower than that of antiferromagnetic order per
unit cell, showing that the FM order is more stable in
oxygen-rich surface than in oxygen-deficient surface. Since
both oxygen rich and deficient surfaces are ferromagnetic,
MoO, (100) is a robustly ferromagnetic surface.

The origin of the surface ferromagnetism of MoO, (100)
can be understood within the framework of Stoner’s theory.
We have calculated the nonspin-polarized partial DOS
(PDOS) of Mo in the first surface layer and the second layer
of MoO, slab, and the PDOS of Mo atom in bulk MoO,, as
shown in Fig. 2. It can be observed that the PDOS of the first
surface Mo at Fermi level is much larger than that of Mo in
the bulk. The reduced coordination number and the lower
symmetry at the surface gives rise to the significant enhance-
ment of the PDOS of surface Mo at Fermi level (Ep), result-
ing in “Stoner” instability and inducing surface magnetism.
Therefore, large band splitting in the vicinity of Fermi level
due to ferromagnetic exchange interactions occur in the fer-
romagnetic MoO, (100) surface. The PDOS of the second
Mo layer at Fermi level is quickly reduced by three times. As
a result, the second Mo layer is weakly magnetized with
magnetic moment 0.11ug per Mo atom. The 2p orbital of
oxygen atom are hybridized with the 4d orbital of Mo atoms.
The PDOS of the O atom bonded to the first layer Mo atom
overlaps with that of the latter at the Fermi level. Although,
only weak magnetism with magnetic moment of 0.02uy per
O atom is found in the surface oxygen atoms in MoO, (100)
film, the states of surface oxygen atoms are noticeably spin
polarized, as shown in Fig. 3. This explains the magnetic
polarization of the 2p orbital of oxygen observed in the
experiments.'*

The charge density of the states 1 eV below the Fermi
level is plotted in Fig. 4(a). It can be seen that the isosurface
of the density of the electrons near the Fermi level, which
give rise to magnetism, is connected and continuous in the
whole space, indicating the itinerant character of these elec-
trons. Spin charge density of MoO, (100) film, as depicted in
Fig. 4(b), show that the spin-polarized electrons are much
localized in the first surface layer of Mo.

In the case of oxygen-deficient MoO, (100), the PDOS of
surface Mo atom also shows high peak at Fermi level as
compared to the sublayer Mo atom. Stoner instability also
occurs and leads to the ferromagnetism in oxygen-deficient
(100) surface. The PDOS of surface Mo in oxygen-rich sur-
face atom at Fermi level is larger than that in oxygen-
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FIG. 3. (Color online) Total and partial DOS of Molybdenum

dioxide (100) surface (spin-polarized calculation), the vertical red
dot line indicate Fermi level (Er=0 eV).

deficient surface, indicating that the enrichment of oxygen at
surface can facilitate the occurrence of ferromagnetism. This
is also in agreement with the fact that the FM order is more
favorable with respect to the AFM order as shown in Table 1.

In summary, the ferromagnetism of undoped MoO, has
been investigated by ab initio calculations. These calcula-
tions show that ideal bulk MoO, is a nonmagnetic metal and

FIG. 4. (Color online) (a) The isosurface plot of the charge
density of the states 1 eV below the Fermi level. The small red
spheres are oxygen and the large spheres are molybdenum. For
clarity, only part of the slab is shown. (b) Side view of the isosur-
face plot of spin charge density of the MoO, (100) surface.
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TABLE 1. Total energy difference, AE=FEpy—FEpy between antiferromagnetic and ferromagnetic align-
ment of the magnetic moment and magnetic moment per Mo atom for different configurations of MoO,.

AE=Ezpm—Erm

Magnetic moment/surface Mo atom

Surface (meV) (mB) Stability
(100) 351.0 1.53 FM
Mo-terminated (100) 286.8 0.69 FM

the states at Fermi level are mainly of d character. The de-
fects, such as Mo and O vacancies or interstitials cannot
induce spin polarization in MoO,. It is found that in the
oxygen-rich or -deficient surface of MoO, (100), the surface
ferromagnetism is stabilized, in good agreement with the
experiments.'* Although the magnetic moments are mainly
localized in the first Mo layer, the states of oxygen atoms
near the surface are noticeably spin polarized. The high peak
of surface Mo atom at Fermi level (Ep) indicates that the
stoner instability is responsible for the ferromagnetism ob-

served in MoO, (100). Enrichment of oxygen at surface is
expected to enhance the surface ferromagnetism possibly due
to the increased 2p-4d hybridization of surface Mo and O
atoms.
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