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We present the results of first-principles electronic structure calculations of SnggsCro040> alloys, simu-
lating chromium in rutile tin dioxide as an impurity in a diluted magnetic semiconductor configuration.
A magnetic bistability has been observed, with the occurrence of a low-spin state with magnetic moment
m=0ug in addition to the high-spin ground state with m=2ug. When an oxygen vacancy is included, as
one of the nearest-neighbors to Cr impurity, a remarkable change is observed in the magnetic metastabil-

ity. The energy barrier for the crossover from the low-spin to high-spin is lowered by 75%. These findings
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suggest that these materials may be used in applications which require different magnetized states.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, dilute magnetic semiconductors (DMSs) have
attracted great attention from both experimental and theoreti-
cal points of view due to their potential application in spintronic
devices where both the charge and the spin of the particles play a
role. A key requirement in realizing most devices based on spins
is that the host material must be ferromagnetic (FM) above 300 K.
In addition, it is necessary to have efficient spin polarized carriers.
One approach to achieve the spin injection is obtained by doping
oxides or semiconductor materials with magnetic impurities in a
DMS configuration. These systems are good candidates to obtain
half-metallic behavior materials, with spin polarized carriers at the
Fermi level.

Tin dioxide (SnO,), a transparent wide band gap semiconduct-
ing oxide, doped with transition metals (TMs), has been extensively
investigated recently due to the resulting important magnetic
properties [1-6]. In particular, FM behavior has been observed at
room temperature in Cr-doped SnO, DMS systems [7-9], indicat-
ing the potential of such systems for spintronic applications. It has
also been observed that the presence of oxygen vacancies appears
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to be required for producing ferromagnetism in DMS oxides, such
as, e.g., in Co- and Fe-doped ZnO [10-13], in Co-doped TiO, [14,15],
in Fe- and Co-doping inIn,03 [16,17] and in Co- and Cr-doped SnO,
[7,18,19]. A theoretical model proposed by Coey et al. to interpret
the ferromagnetism in these semiconducting oxides requires the
existence of oxygen vacancies in close proximity to TM sites in
order to maintain the charge neutrality [20]. For Cr-doped SnO-,
nanoparticles, the FM behavior is limited by a maximum dop-
ing concentration x; which has a strong relation with structural
changes revealed from X-ray diffraction measurements [7]. The
presence of oxygen vacancies in these Sny_,CryO, samples, in which
the Cr concentrations x varies from 0 to 10% has been detected by
electron paramagnetic resonance (EPR) experiments [19]. The lit-
erature contains many efforts aimed at the characterization and
understanding of the mechanisms involved in the FM behavior
observed in such systems. However, no theoretical models based
on rigorous ab initio electronic structure calculations have been
published that establish unambiguously the roles played by Cr and
by Cr with an oxygen vacancy nearby in SnO, [21].

In this work, we study the magnetic metastability and electronic
properties of Sny_xCrxO, DMS alloys, for x=0.04, i.e., Sng g6Crg 0402
alloys, through abinitio electronic structure calculations performed
within the spin density functional theory. We have chosen the con-
centration of x=0.04 for the calculations since, it corresponds to a
typical experimental value (in the range under which most of the
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Fig. 1. (a) Total energy versus magnetic moment per cell. The total energy of the high spin ground state is set to zero; (b) the total (black lines) and projected (gray shaded
areas) density of states of the Cr 3d derived states for the majority and minority spins for the magnetic moment equal to 2. are shown. The vertical (dashed) line placed at
the energy zero corresponds to the highest occupied energy level for the majority spin.

experimental work has been done) and the alloy can be easily sim-
ulated by a reasonable size supercell. The magnetic metastability
hasbeenrecently investigated in GaN:TM [22]. Importantly, we also
study the influence of an oxygen vacancy nearest neighbor to the
Cr atom in the alloys, Sny_xCrx02_,(Vo)y systems, with x=0.04 and
y=0.02, i.e., Sngg6Cro.040098(Vo)o.oz alloys, and its consequences
Sn0O,:Cr.

2. Calculation method

All calculations were based on the spin density func-
tional theory. We employed the Projector Augmented Wave
method implemented in the Vienna Ab initio Simulation Package
(VASP-PAW) [23,24]. The exchange-correlation potential used was
the generalized gradient approximation in the Perdew, Burke, and
Ernzerhof (GGA-PBE) [25] approach. The method has been previ-
ously used to study the structural and electronic properties of bulk
rutile SnO, [26]. The valence electronic distributions for the PAWs
representing the atoms were Sn - 4d1° 5s2 5p2, Cr - 3d° 4s!, and
0 - 2s2 2p*. Scalar relativistic effects were taken into account. To
describe the alloys, we used a 72-atoms supercell (24 Sn and 48 O
atoms) and a 4 x 4 x 4 mesh of Monkhorst-Pack k-points for inte-
gration in the Brillouin zone. All the calculations were done with
a 490 eV energy cut-off in the plane-wave expansions and the sys-
tems were fully relaxed until the residual forces on the ions were
less than 10 meV/A.

3. Results and discussion

Two DMS systems were studied, the SngggCrgogs0, and the
Sn.96Crp.0401.98(Vo)oo2 With the oxygen vacancy as the Cr near-
est neighbor. For the system without the vacancy, a single Sn atom
was substituted with a chromium atom in the 72-atoms supercell,
simulating the x=0.04 impurity concentration. For this configura-
tion the calculation was performed at the D,h symmetry. Fig. 1(a)
shows the total energy versus the magnetic moment per cell for
the Sng g6Crp 0407 alloy. We observe a high spin ground state with
a magnetic moment m=2ug and a low spin state with a magnetic
moment m=0ug. For this case a spin crossover becomes possible
with an energy barrier of 114 meV calculated for the transition from

m=0ug to m=2ug. We observe a relationship between the struc-
tural modification around the chromium atom, due to the electronic
and ionic relaxations, and the appearance of the magnetic metasta-
bility. If we consider a spherical volume involving the chromium
atom whose radius is an average distance between Cr and the
six oxygen first-neighbors, our calculations showed that, after full
relaxation the corresponding volume is reduced by about 16% for
the high spin state (2ug) and 17.5% for the low spin state (Oug).
These findings agree with our preliminary study of strain effects in
bulk rutile CrO, which indicated a decrease in the magnetization
when the volume was reduced, as well as with the experimen-
tal evidence that a decrease in the magnetic moment is followed
by a volume reduction around Cr in Sn;_yCrxO, alloys [19]. Our
calculations showed that if the volume is reduced for more than
30% compared with the equilibrium bulk value in CrO,, the sys-
tem becomes non-magnetic. Similar results have been obtained by
Srivastava et al. [27] in bulk CrO,.

Moruzzi [28] has shown that the transition from non-magnetic
to a magnetic behavior in the transition-metal ferromagnets can
be understood by analyzing the volume dependence of the varia-
tion of the total energy with the magnetic moment. The presence
or absence of magnetism in this case is determined by a competi-
tion between intra-atomic exchange interactions and inter-atomic
electronic motion due to the crystalline field. This allows us to con-
clude that the observed magnetic metastability in the studied DMSs
is because there is a structural modification (relaxation) around the
chromium atom. The total and projected density of states (TDOS
and PDOS, respectively) of chromium for the majority and minor-
ity spins for the magnetic moment m=2ug is shown in Fig. 1(b).
The vertical lines close to the energy zero represent the highest
occupied energy levels for the majority spin. We observe that the
chromium 3d derived orbital states appear in the gap region and
show a half-metallic behavior.

Next we discuss results for SngggCrg0401.98(Vo)o.o2 Where an
oxygen vacancy is one of the six first-neighbors of Cr. For the calcu-
lation of this complex pair we used a 72-atoms supercell in which
a Cr atom replaces a Sn (one out of the 24 Sn atoms in the super-
cell) and one of the six oxygen nearest-neighbors is removed (out
of the 48 O atoms in the supercell) leaving behind a vacancy. This
system corresponds to an alloy with 4% and 2% concentrations
of chromium and oxygen vacancy, respectively. For this configu-
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Fig. 2. (a) Total energy versus magnetic moment per cell. The total energy of the high spin ground state is set to zero. (b) Also shown are the total (black lines) and projected
(gray shaded areas) density of states of the Cr 3d derived for the majority spin (upper panels) and the minority spin (lower panels) for the magnetic moment m=2up and
m=4pup. The vertical (dashed) lines placed at the energy zero correspond to the highest occupied energy level for the majority spin.

ration the calculation was performed at C,, symmetry. Fig. 2(a)
shows the total energy versus the magnetic moment per cell for the
SngsCr401.98(Vo).02 alloys. We observe the appearance of a sec-
ond high spin configuration, with magnetic moment m=4ug, and
an almost flat region between m=2ug and m=4ug. The ground
state, however, remains as the 2 magnetic moment high-spin
state. The energy barrier for the m=0up to m=2pup transition was
reduced to 27 meV. The same transition for the DMS without the
vacancy was 114 meV, showing a drastic reduction by 75%. As dis-
cussed before, the magnetic configuration is determined by the
volume dependence of the variation of the total energy with the
magnetic moment. As previously, this can be evaluated by fixing
a spherical volume around Cr such that inside this sphere radius
there are five O atoms and the vacancy, and then comparing the
obtained volumes for this sphere before and after the relaxations
are performed. For the high spin states (2ug and 4ug) the vol-
ume reductions, after full relaxed calculations, were 20% and 22%,
respectively, while for the low spin state (Oug) it was 31%. The
substantial lowering of the energy barrier can be understood by
analyzing the volume reduction around chromium atom with and
without an oxygen vacancy nearby. For m=2up the reductions are
20% and 16%, respectively, while form=0pup they are 31% and 17.5%,
respectively. Therefore, for low-spin configurations the presence
of a missing oxygen atom allows greater relaxations which reduce
the total energy of the system lowering the energy barrier for the
Crossover.

The TDOS and PDOS of the Cr 3d orbital are shown in Fig. 2(b), for
m=2upg and m=4ug, respectively. The vertical lines at the energy
zero represent the highest occupied energy values for the majority
spin. As with the SnCrO, system, the chromium 3d states derived
from the Cr plus an oxygen vacancy pair in SnO, are found to lie in
the gap region and, for m=4up the system depicts a half-metallic
behavior.

The crystal field theory can thus be used to understand the
occurrence of magnetic metastability. The atomic d-level in the
octahedral symmetry of the Sn site of the rutile structure splits
into two levels (g and eg) when replaced by Cr, where the energy
difference between these levels is called the crystal field splitting.
Each level, t; and eg, can still be split further due to intra-atomic
exchange interactions. Therefore, the occurrence of the low-spin
and high-spin states depends on the effective balance between

these two interaction fields. The low-spin state occurs when the
crystal field splitting is larger than the intra-atomic exchange split-
ting (lowest volume), otherwise, the high-spin state is the ground
state (highest volume).

4. Conclusions

The magnetic and electronic properties of chromium as
an impurity in a DMS configuration in rutile tin dioxide,
(Sng.g6Crgp407), were studied using ab initio calculations per-
formed within the spin-density functional theory. A magnetic
metastability was observed, with the occurrence of a low-spin
state with magnetic moment m=0up in addition to the high-
spin ground state with m=2ug. An energy barrier of 114meV
was obtained for the spin crossover between the m=0ug and
m=2up states in Sng gsCrg0402. When an oxygen vacancy is con-
sidered as one of the six first-neighbors to the Cr impurity in these
alloys (the Sng g6Cro.0401.938(Vo)oo2) a considerable modification is
observed in the magnetic metastability behavior, with the occur-
rence of a second high-spin configuration with magnetic moment
m=4up, and with significantly lower energy barriers,~27 meV, for
the system to flip from the low-spin to the high-spin state. This
behavior is attributed to the relative contributions of the intra-
atomic exchange interactions effect and the inter-atomic electron
motion effect due to the crystalline field which are responsible for
the relaxations around the chromium atom.
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