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Origin of magnetism in undoped MoQO, studied by first-principles calculations
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The electronic and magnetic properties of undoped MoO, have been studied using first-principles calcula-
tions within both the generalized gradient approximation (GGA) and GGA+ U method. The calculated results
show that no magnetic moment forms in perfect MoO,. For MoO, with Mo vacancies, the GGA results show
some magnetic moments whereas the GGA+U (U=-1 eV for Mo) results indicate no magnetic moment
forms. In the presence of type II O vacancies, both the GGA and GGA+ U results show no magnetic moment
can form irrespective of the vacancies concentration. Nevertheless, the type I O vacancies always lead to
formation of magnetic moments which couple ferromagnetically and should be the main origin of the magne-
tism in undoped MoO,. The different structural properties and the corresponding charge-density redistribution
behaviors of the two inequivalent types of oxygen vacancies are the origin of the different magnetic behaviors.
For the magnetic interaction, the Ruderman-Kittel-Kasuya-Yoshida interaction and the superexchange mecha-

nism cooperatively underlie the magnetism.
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I. INTRODUCTION

Since the discovery of ferromagnetism in Mn-doped
GaAs,! great effort has been made to produce intrinsic dilute
magnetic semiconductors (DMSs) with Curie temperatures
(T¢) at or above room temperature by doping semiconduc-
tors with transition metals (TMs).>* Even though ferromag-
netism has been observed in a number of systems, experi-
mental studies have produced inconsistent results and the
mechanism of the ferromagnetism in TM-doped DMSs re-
mains unclear.*> For example, the TM dopants can form
clusters or secondary phases which are detrimental to intrin-
sic DMSs. Moreover, some experimental measurements re-
vealed that the observed ferromagnetism in TM-doped
DMSs was attributed to native vacancies.® Interestingly, un-
expected room-temperature ferromagnetism has also been
observed in undoped wideband-gap semiconducting or insu-
lating thin films and nanoparticles such as TiO,, HfO,,
In,05, ZnO, Ce0,, SnO,, Al,0;, and MgO.”-'* This type of
“d® magnetism”’ has attracted much attention and provides a
challenge to understand the origin of the magnetism. On one
hand, the observed magnetism in TiO,, In,03, ZnO, CeO,,
SnO,, and Al,O; was attributed to anion vacancies and
quantum-confinement effects.>”'! On the other hand, it is
suggested that the ferromagnetism is induced by cation va-
cancies in TiO,, ZnO, MgO, HfO,, and SnO,, or by anion
vacancies in CeQ,.'>"!” Though there is a consensus that the
ferromagnetism is related with native defects, considerable
controversy on the origin of the magnetism still exists.!

Recently, room-temperature ferromagnetism was ob-
served in undoped MoO, thin films grown by pulsed laser
deposition.?’ Appreciable x-ray magnetic circular dichroism
structures were observed in the O 2p region, indicating a
strong hybridization of O 2p-Mo 4d orbitals and a large or-
bital magnetic moment of O 2p states. It was also indicated
that there was charge transferred from the ligand O 2p orbit-
als to the Mo 4d orbitals, resulting in a net magnetic polar-
ization of O 2p orbitals. Because of the potential applications
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of molybdenum oxide in gas sensors, optically switchable
coatings, catalysts, display devices, smart windows, and stor-
age batteries,”' the observed ferromagnetism in undoped
MoO, will bring a new opportunity to the field of spintron-
ics. However, the origin of the magnetism is still unclear and
up to now no theoretical calculations have been performed to
study the magnetism in undoped MoO,. In this paper, the
electronic and magnetic properties are systematically studied
by first-principles density-functional theory (DFT) (Ref. 22)
calculations.

II. COMPUTATIONAL METHODS

The spin-polarized DFT calculations were performed us-
ing the projector-augmented wave??> method with a plane-
wave basis set as implemented in Vienna ab initio simulation
package (VASP) code.?>2° The plane-wave cutoff energy was
400 eV and the exchange-correlation functional was treated
by Perdew-Burke-Ernzerhof from generalized gradient ap-
proximation (GGA).?® The valence configurations of Mo and
O were 4d°5s' and 25%2p*, respectively. The experimental
lattice parameters of molybdenum dioxide MoO,: a
=5.660 A, b=4.860 A, ¢=5.645 A, a=y=90°, and B
=120.94° were used for the calculations.”’” The MoO, was
modeled by 2 X2 X 1 and 2 X 2 X 2 supercells, which contain
48 and 96 atoms, respectively. For the Brillouin-zone sam-
pling, 4 X 5X 6 Monkhorst-Pack?® k mesh was used for the
2 X2 X1 supercells while 3 X4X3 k mesh used for the 2
X 2 X2 supercells. The structure relaxations were carried out
until all the atomic forces on each ion were less than
0.01 eV/A. The calculations were also performed in GGA
+U scheme.?®* Because Mo is not a strongly correlated
system, a relative small value even a negative value of the
on-site Coulomb interaction is sufficient for Mo.?!32 Here,
various values of the on-site Coulomb interaction of Mo
from —1 to 1 eV are used to study the magnetic properties of
MoO,. The effective on-site exchange interaction J is set as
zero and only the difference U—J is meaningful.

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.134407

WANG et al.

FIG. 1. (Color online) The crystalline structure of monoclinic
MoO,. The large green balls represent Mo atoms, the small red
(dark gray in print) balls represent the type I O atoms, and the small
blue (light gray in print) balls represent the type II O atoms,
respectively.

The formation energy of the native vacancy in MoO, is
calculated using the same method as in MgO.!” Here, we
give a detailed description again for understanding. For a
neutral native vacancy, the formation energy can be defined

as follows:3?

Ef:(Efot_E?ot*-nilu’i)/nis (1)
where EY and EY are the total energies of the supercells

with and without vacancies, n; is the number of the atoms
removed, and w; is the chemical potential of the correspond-
ing atom, respectively. For example, the formation energy of
an oxygen vacancy in MoO, is given by

E[Vo) =E;, (Vo) - E;,(MoO,) + . (2)

In thermodynamic equilibrium, the Mo and O chemical po-
tentials satisfy the equation,

Mo + 20 = M0, - 3)

Here, w0, is the chemical potential of MoO,. Under ex-
treme O-rich condition, pg is subject to an upper bound
given by the energy of O in an O, molecule (,uga":%,uoz).

Correspondingly, uy, is derived from the relation,
i 1
MMo = MMo0, — 2 X 3 Mo,- 4)

Under extreme Mo-rich condition, iy, is subject to an upper
bound given by the energy of Mo in molybdenum metal
(= ul;.). Correspondingly, the upper limit on the molyb-
denum chemical potential then results in a lower limit on the
oxygen chemical potential,

mi

0
ILLOIH = MMo0, ~ MMo- (5)

III. RESULTS AND DISCUSSIONS

In Fig. 1, the crystalline structure of perfect MoO, 2 X2
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X 1 supercell is plotted. For convenience of discussion, the
different Mo and O sites are labeled with letters and num-
bers. For instance, Mo“ stands for the Mo atom at site “a”
while O! stands for the O atom at site “1” and so on. The
molybdenum dioxide, which exhibits a metallic electrical
conductivity, crystallizes in the distorted rutile-type mono-
clinic structure. In the monoclinic structure of MoO,, there
are two inequivalent types of oxygen atoms which are rep-
resented by Op and Oy, respectively. Each Mo metal atom is
surrounded by six oxygen atoms, forming a slightly distorted
MoQg4 octahedron. The four equatorial O atoms of the dis-
torted MoOg bond with the same Mo atom and the corre-
sponding O-Mo bond length is about 2.08 A (O;-Mo) and
1.99 A (Oyp-Mo), respectively. Meanwhile, each O; atom
(O') bonds with three equivalent Mo atoms (Mo?, Mo”, and
Mo°) forming an almost planar isosceles triangle. Similarly,
each Oy atom (O?) bonds with three Mo atoms (Mo”, Mo¢,
and Mo/) in a planar isosceles triangle. The top angles of the
two isosceles triangle are different.

First, the electronic and magnetic properties of undoped
MoO, are studied in the perfect MoO, using 2 X2 X 1 super-
cell. For perfect MoO,, the calculated lattice parameters are
a=5.590 A, b=4.885 A, and c=5.657 A, which are consis-
tent with the experimental results.”’ Generally, the Mo is in a
4+ state due to the donation of its four valence electrons to
the neighboring O atoms which is in a 2— state. The total and
partial density of states (DOS) of perfect MoO, are shown in
Figs. 2(a) and 2(e), respectively. It can be clearly seen that
the valence band well below the Fermi energy shows a
strong hybridization of O 2p and Mo 4d orbitals whereas the
conduction band at the upper part mainly arises from the
Mo d orbitals. These results are consistent with previous cal-
culations, which indicate the calculation methods are valid.3*
The perfect MoO, exhibits a clear metallic characteristic
with Fermi energy crossing over the conduction band. Fur-
thermore, the DOS is spin unpolarized with symmetric char-
acteristic for the majority and minority projections of spin.
The calculated total magnetic moment of the system is zero,
indicating local magnetic moment cannot form in perfect
MoO,. Thus, at this point, no magnetism is induced and per-
fect MoO, is nonmagnetic.

Next, the origin of the magnetism in undoped MoO, is
studied by generating one Mo vacancy (V) in the 2 X2
X1 supercell, which leads to Mo-vacancy concentration of
6.25%. Figures 2(b) and 2(f) show the total DOS and Mo d
partial DOS of MoO, with one Mo vacancy. Unlike that of
perfect MoO,, the total DOS shows spin-polarized metallic
characteristic near the Fermi energy, which are mainly due to
the spin-polarized d orbitals of Mo atom. The total magnetic
moment of the system is about 0.59uz, which mainly comes
from the d states of the next-neighbor Mo atoms (0.17wp)
surrounding the vacancy. Unlike MgO with Mg vacancy,'”
the magnetic moments on the neighboring O atoms are al-
most negligible. Basically, when a neutral Mo atom is re-
moved, the corresponding Mo vacancy introduces four holes
in the system because of the 4+ valence state of Mo. The
defect states split into three degenerate 1,, and two degener-
ate e, states under regular crystal-field effect. Considering
the small magnetic moment, we infer that the four holes are
nearly in the low-spin state.
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FIG. 2. (Color online) The total DOS and Mo 4d partial DOS of [(a) and (e)] the perfect MoO, crystal (Mo;403,); [(b) and (f)] MoO,
crystal with one Mo vacancy (Mo;503,); [(c) and (g)] MoO, crystal with one Oy vacancy (Mo;403,); [(d) and (h)] MoO, crystal with one
Oy vacancy (Mo;¢03;). The O 2p partial DOS of perfect MoO, is also shown in (e) for comparison. The vertical dashed line represents the

Fermi energy.

To further investigate the effect of Mo-vacancy concen-
tration, one Mo vacancy was also created in the 2 X2 X2
supercell, corresponding to the Mo-vacancy concentration of
3.125%. As a result, the total magnetic moment is only about
0.30p, which is smaller than that in the 2 X2 X 1 supercell.
This suggests that the magnetization descends as the concen-
tration of Mo vacancies decreases. The magnetic properties
of MoO, with Mo vacancy are also calculated in the GGA
+U scheme.? Table I lists the GGA + U results of the total
magnetic moments of different configurations of undoped
MoO,. Four different values of the on-site Coulomb interac-
tion from —1 to 1 eV are used to study the magnetic proper-
ties. It can be seen that the total magnetic moment induced

by Mo vacancy decreases clearly when a negative U is used
in the 2 X2 X 1 supercell. The magnetic moment disappears
when the U is used as —1 eV. Thus, the magnetic moments
induced by Mo vacancies using the GGA method is related
with the overestimation of the on-site Coulomb interaction of
Mo. The formation energy of Mo vacancy under O-rich con-
ditions is 2.15 eV, which is smaller than that of Mg vacancy
in MgO bulk.'® It is indicated that there may be a concentra-
tion of Mo vacancies under extreme O-rich conditions. Nev-
ertheless, the formation energy increases to 3.50 eV under
Mo-rich conditions, leading to the concentration of Mo va-
cancies decreasing. Based on the above results, we infer that
Mo vacancy in undoped MoO, may induce magnetic mo-
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TABLE 1. The total magnetic moments (up) of different configurations of MoO, using GGA + U method

with different U values.

The on-site Coulomb interaction,

U (eV)
Configurations 1 0.5 0 -0.5 -1
Perfect 0.00 0.00 0.00 0.00 0.00
Mo“ vacancy 0.79 0.31 0.59 0.04 0
0! vacancy 0.88 0.91 0.99 1.01 1.09
02 vacancy 0.03 0.00 0.00 0.00 0.00

ments but should not be the main origin of the observed
magnetism, especially under Mo-rich conditions.

Then the magnetism in undoped MoO, is also investi-
gated in the 2 X 2 X 1 supercell with oxygen vacancies (V).
At first, one O; atom is removed from the supercell to form
an oxygen vacancy. As shown in Fig. 2(c), the total DOS
shows clear spin polarization near the Fermi energy. As in
MoO, with Mo vacancy, the spin polarization also mainly
comes from the asymmetric characteristic of the majority
and minority spins of Mo d orbitals [Fig. 2(g)]. The total
magnetic moment of the system is 0.99up, which is larger
than that in MoO, with Mo vacancy. In this case, the total
magnetic moment also mainly comes from the neighboring
Mo atoms. Figure 3(a) shows the isosurface plot of the spin
density of MoO, with O; vacancy. It is evident that the spin
density of O; vacancy exhibits a planar isosceles triangle
shape, showing the spin polarization strongly localized on
the three-neighbor Mo atoms and the vacancy site. The re-
maining few magnetic moments are localized on O and Mo
atoms far away. Generally, one oxygen vacancy as a donor
can leave two electrons in the system. The Bader charge
analysis® indicates that each of the three-neighbor Mo atoms
has about 3.77 (3.38 in perfect MoO,) valence electrons.
This suggests that 0.39 electrons have been transferred from
the O; vacancy to each of the neighbor Mo atoms, leading to
a reduced Mo?*(p<4) state from Mo** state. The corre-
sponding Mo”* ion has a partially occupied d subshell and
the different numbers of electrons in up and down d channels
of Mo”* ion leads to the net magnetic moment in the system.
When using GGA+U method, the total magnetic moment
increases slightly with decreasing the on-site Coulomb inter-
action. Moreover, the total magnetic moment is about 1.09 up

FIG. 3. (Color online) The isosurface plot of the spin density of
MoO, with (a) one Oy vacancy and (b) two Oy vacancies at sites 1
and 3. The small red balls represent O atoms, the large green balls
represent Mo atoms, and the isosurface represents the spin density,
respectively.

even if the on-site Coulomb interaction is a negative value
(=1 eV). This is different from MoO, with Mo vacancy,
which suggests the O;-vacancy-induced magnetic moments
are stable irrespective of the on-site Coulomb interaction U.
To further study the effect of O;-vacancy concentration on
the magnetism, one Oy vacancy is also created in the 2 X2
X 2 supercell. As expected, one O; vacancy induces a mag-
netic moment of 0.82up which decreases slightly with the
concentration decreasing. When three Oy vacancies are intro-
duced in the 2 X2 X2 supercell, the total magnetic is about
1.09up. However, no magnetic-moment forms in MoO, with
Oy vacancies irrespective of the vacancies concentration
when using both GGA and GGA + U methods. Both the total
DOS and Mo d partial DOS show perfect symmetric charac-
teristics for the majority and minority projections of spin
[Figs. 2(d) and 2(h)]. The different magnetic behaviors in-
duced by the two inequivalent types of oxygen vacancies can
be attributed to the different structural properties as men-
tioned above. Under O-rich conditions, the formation ener-
gies of Oy vacancy and Oy vacancy are 5.30 eV and 4.79 eV,
respectively. Nevertheless, under Mo-rich conditions, the
corresponding formation energies decrease much to 2.48 and
1.97 eV, implying a larger concentration of oxygen vacan-
cies. Though the formation energy of O; vacancy is a little
larger than that of the Oy vacancy, there is also large con-
centration of O; vacancies which can induce magnetism in
undoped MoQO,. Thus, the type I O vacancy should be the
main origin of the magnetism in undoped MoO,.

As shown in Fig. 4, for the octahedral environment of
molybdenum, the crystal-field splitting leads to a separation
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FIG. 4. (Color online) (a) The splitting of Mo 4d orbitals into #,,
and e, states under regular octahedral crystal field, the occupation
of the energy levels under distorted octahedral field in (b) perfect
MoO, and (c) MoO, with one O; vacancy.
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FIG. 5. (Color online) The isosurface plots of the charge redis-
tribution of MoO, with (a) one Mo vacancy [p(Vy,,M00O,)
+p(Mo)—p (perfect MoO,)], (b) one O; vacancy [p(Vo ,MoO,)
+p(0)-p (perfect MoO,)], and (c) one Oy vacancy
[p(Vo,-M00,)+p(0)-p (perfect MoO,)].

of the lower part of the conduction band into 7,, and e,
symmetry bands, and distortion of the MoOg octahedron
leads to further splitting of the ,, and e, states, which has
been proved by the experimental results.”’ For the perfect
MoO,, the Mo*" ion has a partially filled 44> subshell. Cor-
respondingly, the two electrons occupied the lowest orbital
with the spin antialigning because of the Pauli principle [Fig.
4(b)]. When introducing one Mo vacancy, the corresponding
four holes are strongly localized on the vacancy site, leading
no magnetic moments. The isosurface plot of the charge-
density redistribution of MoO, 2 X2 X 1 supercell with one
Mo vacancy is shown in Fig. 5(a). It can be seen that the
charge redistribution is mainly localized near the vacancy
with electron (hole) density depleting (accumulating) at the
vacancy site. The presence of Mo vacancy also leads to
charge-density redistribution on the O atoms near the va-
cancy. Nevertheless, the net magnetic moments on the neigh-
boring O atoms are negligible because of the delocalized
characteristic of O p states. Moreover, the charge redistribu-
tion on the next-neighbor Mo atoms to the vacancy is very
little, and little net magnetic-moment forms as that in perfect
MoO,. However, in the presence of one O; vacancy, the
charge redistribution leads to some electron density trans-
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ferred from the vacancy to the neighbor Mo atoms although
most of the introducing charge density still localizing around
the O-vacancy site [Fig. 5(b)]. The transferred electron den-
sity would occupy the second lowest-energy level of Mo d
orbitals, leading to the net magnetic moment in the system
[Fig. 4(c)]. Furthermore, the remaining charge density is lo-
calized on the O vacancy and also lead to a large magnetic
moment, as seen in Fig. 3, which is similar to the case of
Ce0O, with O vacancy.'® Surprisingly, in the case of Oy va-
cancy, electron-density transfer also takes place from the va-
cancy to the neighbor Mo atoms whereas no magnetic-
moment forms. After full relaxation, the three-neighbor Mo
atoms move nearer clearly to the vacancy site, leading to a
shorter distance between the vacancy and the Mo atoms.
Correspondingly, the distance between the two-neighbor Mo
atoms (e.g., Mo? and Mo°) is about 2.39 A, which is smaller
than that in Mo metal (2.73 A) and the two Mo atoms neigh-
bor to O;. According to Bader analysis,? the electron density
transferred from the oxygen-vacancy site to the Mo atoms is
more than that of the Oj-vacancy case. Unlike the case of Oy
vacancy, the transferred electrons are mainly localized on the
interatomic zone between the Mo atoms [Fig. 5(c)]. The dif-
ferent structural properties and the corresponding charge-
density redistribution behaviors of the two inequivalent types
of oxygen atoms are the origin of the different magnetic
behaviors.

In order to investigate the magnetic interaction between
oxygen-vacancy-induced magnetic moments, two oxygen
vacancies are created in the 2 X2 X 1 supercell with all the
atoms fully relaxed. Four different configurations (I-1V) are
considered, where the two vacancies take the sites of O! and
02, 0! and O3, O! and 0%, and O! and O, respectively. The
distances between the vacancies are varied and the total en-
ergies of the ferromagnetic (FM) and antiferromagnetic
(AFM) states are calculated. Table II shows the total-energy
differences (AE) between the antiferromagnetic and ferro-
magnetic states and the total magnetic moments for all the
four configurations. The positive AE suggests the ferromag-
netic state is favored. For configuration I, the total magnetic
moment is 0.61 uz and only O! vacancy can induce magnetic
moments on the neighbor Mo atoms whereas O? vacancy as
the type II O vacancy induces no magnetic moment. For
configurations II-IV with both O vacancies belonging to the
type I O vacancies, the ferromagnetic state is more favorable
than the antiferromagnetic state. Moreover, the total energy
of the ferromagnetic state is still lower than that of the anti-

TABLE II. The distance between the two O vacancies, total magnetic moment (M) of the system and
largest local magnetic moment (M) on Mo atom, the energy difference (AE) between AFM and ferromag-
netic (FM) states, and the corresponding magnetic coupling of different configurations of MoO, monoclinic
cell. For configuration 1V, the initial AFM state leads to FM ground state after convergence.

d My M, AE
Configuration (A) (mp) (up) (meV) Magnetic coupling
1 2.76 0.61 0.15
11 5.66 1.25 0.15 16 FM
111 2.73 1.22 0.14 8 FM
v 3.51 1.02 0.13 FM
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FIG. 6. (Color online) The schematic illustration of the partial
structure and the magnetism mechanism of MoO,.

ferromagnetic state even if the distance of the two O vacan-
cies is about 5.66 A. This indicates that a long-range ferro-
magnetic coupling can exist in the system to promote the
collective magnetism. Nevertheless, the magnetism under
thermal equilibrium conditions may not be stable at room
temperature. The total magnetic moments of the configura-
tions (II-IV) containing two O; vacancies are 1.25ug,
1.22up, and 1.02up, respectively. The spin-density plot of
configuration II is shown in Fig. 3(b). It is evident that two
planar isosceles triangles on Mo atoms appear, which indi-
cates that the magnetic interaction between the oxygen-
vacancy-induced magnetic moments is ferromagnetic. We
also studied the magnetic properties of MoO, in 2 X2 X1
supercell containing three O; vacancies at sites 1, 4, and 5,
respectively. The total magnetic moment of this system is
about 1.24up and the magnetic moments induced by the O
vacancies couple ferromagnetically.

It is generally accepted that the spins of two magnetic
ions are correlated due to the superexchange interaction be-
tween each of the two ions and the valence p band of the
intermediate atom such as the O atom. In oxygen-deficient
MoO,, the two magnetic Mo ions form a Mo-O-Mo bond
with the neighboring oxygen anion. Goodenough-Kanamori-
Anderson rule’—3% are adopted to the superexchange of
MoO, with two Oy vacancies. The induced magnetic mo-
ments comprise two main parts, one part is localized on the
reduced Mo ions and the other part is mainly localized on the
vacancy site. As illustrated in Fig. 6, for configuration II with
two Oy vacancies, i.e., O! and O3 vacancies, the two reduced
magnetic Mo ions (Mo” and Mo°) interact through the
Mo’-0%-Mo¢ path. The Mo”-O*-Mo¢ bond angle is about
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79°, thus the magnetic interaction between the two magnetic
Mo ions is weak ferromagnetic. Similarly, in configuration
III with O' and O* vacancies, the magnetic moments local-
ized on the vacancy site interact through the Vi-Mo?-Vs
path, and the corresponding bond angle is about 82°, thus the
magnetic interaction is ferromagnetic. Nevertheless, for con-
figuration IV (O' and O° vacancies), the induced magnetic
Mo ion (Mo® and Mo?) interact through Mo“-O’-Mo“ path
with a bond angle of 132°. In this case, the ferromagnetic is
rather weak. Surprisingly, in configuration II, the magnetic
moments localized on the vacancy sites also couple ferro-
magnetically. As the angle is almost 180°, it cannot be ex-
plained by the indirect superexchange interaction. As MoO,
is metallic, a high concentration of free carriers is present.
Thus, similar to SnO, with native vacancies,!” there is an
indirect Ruderman-Kittel-Kasuya-Yoshida (RKKY) ex-
change coupling of magnetic moments over relatively large
distance via band electrons due to the Coulomb exchange,
although the oscillatory behavior is not observed. Therefore,
the RKKY interaction and the superexchange cooperatively
underlie the magnetism.

IV. SUMMARY

In summary, the electronic and magnetic properties of un-
doped MoO, have been studied using first-principles calcu-
lations within both the GGA and GGA+U method. The
GGA results show that Mo vacancies may introduce mag-
netic moments in MoO, whereas the GGA + U results with a
negative on-site Coulomb interaction (=1 eV) of Mo find no
magnetic moment in MoO, with Mo vacancies. For MoO,
with type II O vacancies, no magnetic moment can form
irrespective of the concentration when using both GGA and
GGA +U methods. Nevertheless, the type I O vacancies al-
ways lead to formation of magnetic moments which couple
ferromagnetically and should be the main origin of the mag-
netism in undoped MoO,. The different structural properties
and the corresponding charge-density redistribution behav-
iors of the two inequivalent types of oxygen vacancies are
the origin of the different magnetic behaviors. For the mag-
netic interaction, the RKKY interaction and the superex-
change mechanism cooperatively underlie the magnetism.
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