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In this work we report on the magnetic behavior of MgO thin films prepared by sputtering. A severe
aging process of the ferromagnetic properties is detected in magnetic samples exposed to ambient
atmosphere. However, ferromagnetism can be successively switched on again by annealing samples
in vacuum. We suggest this behavior reflects the key role played by defects in stabilizing
ferromagnetism in MgO films and is likely to be closely related to the hydrogen-driven instability
of V-type centers in this material. © 2010 American Institute of Physics. �doi:10.1063/1.3527963�

Combining different functionalities in the same material
has become one of the objectives boosting research in mate-
rials science in the last decade. The possibility, for instance,
of having transparent magnets would drastically simplify the
design of magnetic hard disks with laser beam read out. In-
vestigation of new materials has spread out in many direc-
tions and in particular in new magnetic materials. In this
latter field, attempts to obtain a magnetic semiconductor,
which will combine spin and charge degrees of freedom in
the same material making possible the development of spin-
tronic devices and their integration in the present microelec-
tronic technology, have been numerous. In pursuit of this
paradigm a huge research effort has been concentrated in
recent years on the so-called diluted magnetic semiconduc-
tors, including wide band-gap nitrides and oxides, such as
GaAs and GaN and ZnO.1 However, so far, the development
of industrially attractive prototypes of these materials has
been hampered by the inability to achieve the required im-
purity concentrations, often above thermodynamic solubility
limits. For that reason, considerable attention has been de-
voted lately to the study of magnetism in systems that do not
require doping with magnetic ions.2,3 For instance, Elfimov
et al.4 proposed to use cation vacancies to generate magnetic
moments in alkaline-earth oxides, such as CaO. In this sense,
MgO is in many ways the ideal material for studying the
connection between magnetism and native defects since,
V-type centers are the most common defects found in MgO.5

Notably, MgO is of importance for many applications in
technology and industry, ranging from ac-type plasma dis-
play panels to catalysis, thus scalability and reduced time-to-
market could be easily realized.

In a previous work6 we have shown that hole-doping
induced by cation vacancies introduces p states above the
valence-band edge in MgO which, in turn, give rise to a spin
polarization experimentally confirmed as well by others.7

The spin polarization of oxygen ions at low-coordinated sites
was calculated to increase as site coordination decreases.
Figure 1 relates the vacancy concentration to the calculated
magnetization values. The smallest concentration for which

the density-functional theory calculations suggest the mag-
netic moment is not vanishingly small is above 2 vacancies
per nm3. We have also shown by using transmission electron
microscopy �TEM� and photoluminescence spectroscopy that
appropriate annealing treatments can modify the relative
concentration of cation vacancies in magnetic MgO films.6,8

In this work we report on the magnetic behavior of MgO thin
films prepared by sputtering that exhibit a severe aging pro-
cess of the ferromagnetic properties when exposed to ambi-
ent atmosphere. However, ferromagnetism can be succes-
sively switched on again by annealing samples in vacuum.
We suggest that this behavior reflects the key role played by
defects in stabilizing ferromagnetism in MgO films and is
likely to be closely related to the hydrogen-driven instability
of V-type centers in this material.

MgO thin films used in this work have been grown by rf
magnetron sputtering in an oxygen atmosphere �0.25 torr�
above 800 °C, while magnetic characterization of the
samples was performed at 10 K by using a superconducting
quantum interference device SQUID magnetometer �Quan-
tum Design�, San Diego, CA, USA. It is worth mentioning
that deposition at such high substrate temperature increases
notably the vaporization of the alkaline element which is
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FIG. 1. Dependence of the calculated saturation magnetization, MS, on the
vacancy concentration obtained as indicated in Ref. 6.
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expected to promote the development of cation vacancies in
the deposited film.9,10 Under these circumstances, by keeping
all the other parameters constant, increasing the sputtering
power density would increase the growth rate which would,
in turn, reduce the number of cation vacancies. This allows
for control on the final number of cation vacancies in the
films. We present evidence of the latter in Fig. 2, where we
show a TEM picture corresponding to a MgO film prepared
at high growth rate. The presence of Mg vacancies in this
sample seems to be lower than in samples prepared at a
lower growth rate �see Fig. 2 in Ref. 6�, as shown in the 3D
intensity mapping �Fig. 2�c��, where the intensity in the �100�
atomic columns is highly homogeneous. As demonstrated in
a recent work,6 variations in the HRTEM intensity in the
�100�MgO atomic columns could evidence the presence of Mg
vacancies, variations that are not observed in the present
case. Accordingly, this sample exhibits a very low magnetic
signal �respective hysteresis cycle shown in Fig. 3�. Thus,
confirming the relation between the cationic vacancies and
the existence of ferromagnetism in MgO films.

We have also investigated the stability of ferromag-
netism in MgO films exposed to different ambient conditions
and annealing processes. Figure 3 shows magnetization
loops of a sample after selected time intervals to follow the
evolution of the magnetic properties. A reduction of almost
50% of the saturation magnetization, MS, is observed after
three days exposure to ambient atmosphere, with respect MS
value measured just after preparation �it takes about 15 min
to convey the sample from the evaporation chamber to the
SQUID measuring chamber�. To accelerate the aging process
this sample was annealed in air at 500 °C for 2 h observing

a further reduction of the magnetization down to 1/3 of the
initial MS. Similar results were obtained after a long lasting
�five months� exposure to ambient atmosphere. These results
make evident that aging process proceeds very fast at the
early stages and tend to stabilize after a few months �see
inset in Fig. 3� resembling a typical exponential decay. We
interpret this result as a strong indication that a metastable
state has been attained. Indeed, the trapped holes at V-type
centers have a half-life of several hours at room temperature,
with the tail of the decay persisting for several years.11

Noteworthy, very different results were obtained when
the annealing process was done in vacuum. A sample after
five months of exposure to ambient atmosphere, i.e., with
a very low magnetic signal was annealed in vacuum
��10−7 torr� at 850 °C for 1 h to ensure complete release of
hydrogen.12 A strong increase of MS, reaching again the ini-
tial values �see Fig. 4�, was detected after the annealing pro-
cess. This is a very interesting result indicating that ferro-
magnetism in defective MgO films can be switched off and
on by annealing processes in air or in vacuum, respectively.

FIG. 2. �Color online� �a� High resolution electron micrograph of a MgO
layer grown on a SrTiO3 �STO� �001� substrate. �b� Detail of the MgO layer
corresponding to the �blue� squared area in �a�. �c� 3D mapping of the
intensity for the area shown in �b�. �d� Detail of the MgO/STO interface
��red� rectangle area in �a��. �e� Mismatch dislocation analysis of the same
interface. Dislocations are expected to occur every 12.8 �020�STO planes.
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FIG. 3. �Color online� Evolution of the magnetization curve of a MgO film
after different aging processes. The hysteresis loop of a film with weak
ferromagnetism �depicted as low M� is also shown for comparison. Inset:
magnetization decay is linear on a logarithmic scale of time.
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FIG. 4. �Color online� Evidence of the reversible switching of ferromag-
netism by aging and successive annealings in vacuum. The inserts reveal
selected FTIR spectra from a MgO film in contact with water vapor at room
temperature.
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To precisely determine the mechanism behind this re-
versible behavior deserves further investigation. However,
we should mention here that H is ubiquitous and can easily
be incorporated in the films during growth or annealing pro-
cesses. In fact, previous reports based on theoretical and ex-
perimental studies have shown that the conductivity and
magnetic properties of diluted magnetic semiconductors,
though traditionally been attributed to oxygen vacancies, de-
pend on the hydrogenation process.13 MgO absorbs moisture,
forming Mg�OH�2 easily.14 Furthermore, considering protons
might reside in the cation vacancies the hydrogenation activ-
ity must fall to a low value as the holes are filled,15 as indeed
is shown in Fig. 4.

Fourier transform infrared �FTIR� spectroscopy was
used to monitor the states of hydrogen. Apart from a great
number of carbonate ion bands spanning the
1000–2200 cm−1 range,16 infrared peaks at 990–1060 cm−1

are observed �inset Fig. 4�, in good agreement with the cal-
culated frequency for substitutional hydrogen in MgO.17 Ad-
sorption of H2 has also been observed to form reversible
modes centered about 3450 cm−1, already reported in previ-
ous studies at 300 K.14 The broad low frequency band
3600–3650 cm−1 is assigned to hydrogen bond donor OH
groups whereas isolated hydroxyl groups are responsible for
the narrow high frequency band around 3750 cm−1.18 There-
fore, we suggest that once samples are exposed to air, Mg2+

vacancies are charge compensated by OH−.19 These sites are
gradually eliminated in vacuum as the temperature is in-
creased above 500 °C, and could be reactivated when the
MgO sample is exposed to water vapor at room
temperature.20,21 These results are also supported by parallel
photoluminescence spectroscopic investigations.8,22

In conclusion, our results make evident the existence of
a close correlation between ferromagnetism and Mg vacan-
cies. Cation vacancies in MgO create a polarization on the 2p
O orbitals; however, with time these centers age, leading to
decreasing of the saturation magnetization. We also demon-
strate the existence of reversible switching phenomena of
ferromagnetism in the samples depending on the annealing
conditions. The aging mechanism of vacancies probably re-
lates with the formation of hydrogen-containing complex, a
full recovery of the magnetic properties could be expected
upon dehydrogenation, though the effect of nitrogen impurity
states needs to be further determined.12,23
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