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We  present  the  results  of  first-principles  electronic  structure  calculations  of  Sn0.96Cr0.04O2 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  = 0�B in  addition  to  the  high-spin  ground  state  with  m =  2�B. 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
suggest  that  these  materials  may  be used  in applications  which  require  different  magnetized  states.
ilute magnetic semiconductor
xides
nCrO2

agnetic properties
pintronics
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. Introduction

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

Tin dioxide (SnO2), a transparent wide band gap semiconduct-
ng oxide, doped with transition metals (TMs), has been extensively
nvestigated recently due to the resulting important magnetic
roperties [1–6]. In particular, FM behavior has been observed at

oom temperature in Cr-doped SnO2 DMS  systems [7–9], indicat-
ng the potential of such systems for spintronic applications. It has
lso 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 TiO2 [14,15],
in Fe- and Co-doping in In2O3 [16,17] and in Co- and Cr-doped SnO2
[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 SnO2
nanoparticles, the FM behavior is limited by a maximum dop-
ing concentration xL which has a strong relation with structural
changes revealed from X-ray diffraction measurements [7].  The
presence of oxygen vacancies in these Sn1–xCrxO2 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 SnO2 [21].

In this work, we  study the magnetic metastability and electronic
properties of Sn1–xCrxO2 DMS  alloys, for x = 0.04, i.e., Sn0.96Cr0.04O2

alloys, through ab initio 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

dx.doi.org/10.1016/j.mseb.2011.01.017
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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
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reas)  density of states of the Cr 3d derived states for the majority and minority spi
he  energy zero corresponds to the highest occupied energy level for the majority s

xperimental work has been done) and the alloy can be easily sim-
lated by a reasonable size supercell. The magnetic metastability
as been recently investigated in GaN:TM [22]. Importantly, we also
tudy the influence of an oxygen vacancy nearest neighbor to the
r atom in the alloys, Sn1–xCrxO2–y(VO)y systems, with x = 0.04 and

 = 0.02, i.e., Sn0.96Cr0.04O0.98(VO)0.02 alloys, and its consequences
nO2:Cr.

. Calculation method

All calculations were based on the spin density func-
ional theory. We  employed the Projector Augmented Wave

ethod implemented in the Vienna Ab initio Simulation Package
VASP–PAW) [23,24]. The exchange-correlation potential used was
he generalized gradient approximation in the Perdew, Burke, and
rnzerhof (GGA–PBE) [25] approach. The method has been previ-
usly used to study the structural and electronic properties of bulk
utile SnO2 [26]. The valence electronic distributions for the PAWs
epresenting the atoms were Sn – 4d10 5s2 5p2, Cr – 3d5 4s1, and

 – 2s2 2p4. Scalar relativistic effects were taken into account. To
escribe the alloys, we used a 72-atoms supercell (24 Sn and 48 O
toms) and a 4 × 4 × 4 mesh of Monkhorst-Pack k-points for inte-
ration in the Brillouin zone. All the calculations were done with

 490 eV energy cut-off in the plane-wave expansions and the sys-
ems were fully relaxed until the residual forces on the ions were
ess than 10 meV/Å.

. Results and discussion

Two DMS systems were studied, the Sn0.96Cr0.04O2 and the
n0.96Cr0.04O1.98(VO)0.02 with the oxygen vacancy as the Cr near-
st neighbor. For the system without the vacancy, a single Sn atom
as substituted with a chromium atom in the 72-atoms supercell,

imulating the x = 0.04 impurity concentration. For this configura-
ion the calculation was performed at the D2h symmetry. Fig. 1(a)
hows the total energy versus the magnetic moment per cell for

he Sn0.96Cr0.04O2 alloy. We  observe a high spin ground state with

 magnetic moment m = 2�B and a low spin state with a magnetic
oment m = 0�B. For this case a spin crossover becomes possible
ith an energy barrier of 114 meV  calculated for the transition from
 the magnetic moment equal to 2�B are shown. The vertical (dashed) line placed at

m = 0�B to m = 2�B. 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 (2�B) and 17.5% for the low spin state (0�B).
These findings agree with our preliminary study of strain effects in
bulk rutile CrO2 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 Sn1–xCrxO2 alloys [19]. Our
calculations showed that if the volume is reduced for more than
30% compared with the equilibrium bulk value in CrO2, the sys-
tem becomes non-magnetic. Similar results have been obtained by
Srivastava et al. [27] in bulk CrO2.

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 = 2�B 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 Sn0.96Cr0.04O1.98(VO)0.02 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
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 = 4�B. The vertical (dashed) lines placed at the energy zero correspond to the hig

ation the calculation was performed at C2v symmetry. Fig. 2(a)
hows the total energy versus the magnetic moment per cell for the
n.96Cr.04O1.98(VO).02 alloys. We  observe the appearance of a sec-
nd high spin configuration, with magnetic moment m = 4�B, and
n almost flat region between m = 2�B and m = 4�B. The ground
tate, however, remains as the 2�B magnetic moment high-spin
tate. The energy barrier for the m = 0�B to m = 2�B transition was
educed to 27 meV. The same transition for the DMS  without the
acancy was 114 meV, showing a drastic reduction by 75%. As dis-
ussed before, the magnetic configuration is determined by the
olume dependence of the variation of the total energy with the
agnetic moment. As previously, this can be evaluated by fixing

 spherical volume around Cr such that inside this sphere radius
here are five O atoms and the vacancy, and then comparing the
btained volumes for this sphere before and after the relaxations
re performed. For the high spin states (2�B and 4�B) the vol-
me  reductions, after full relaxed calculations, were 20% and 22%,
espectively, while for the low spin state (0�B) it was  31%. The
ubstantial lowering of the energy barrier can be understood by
nalyzing the volume reduction around chromium atom with and
ithout an oxygen vacancy nearby. For m = 2�B the reductions are

0% and 16%, respectively, while for m = 0�B they are 31% and 17.5%,
espectively. Therefore, for low-spin configurations the presence
f a missing oxygen atom allows greater relaxations which reduce
he total energy of the system lowering the energy barrier for the
rossover.

The TDOS and PDOS of the Cr 3d orbital are shown in Fig. 2(b), for
 = 2�B and m = 4�B, respectively. The vertical lines at the energy

ero represent the highest occupied energy values for the majority
pin. As with the SnCrO2 system, the chromium 3d states derived
rom the Cr plus an oxygen vacancy pair in SnO2 are found to lie in
he gap region and, for m = 4�B the system depicts a half-metallic
ehavior.

The crystal field theory can thus be used to understand the
ccurrence of magnetic metastability. The atomic d-level in the
ctahedral symmetry of the Sn site of the rutile structure splits
nto two levels (t2g and eg) when replaced by Cr, where the energy

ifference between these levels is called the crystal field splitting.
ach level, t2g and eg, can still be split further due to intra-atomic
xchange interactions. Therefore, the occurrence of the low-spin
nd high-spin states depends on the effective balance between
nels) and the minority spin (lower panels) for the magnetic moment m = 2�B and
ccupied energy level for the majority spin.

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,
(Sn0.96Cr0.04O2), 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 = 0�B in addition to the high-
spin ground state with m = 2�B. An energy barrier of 114 meV
was  obtained for the spin crossover between the m = 0�B and
m = 2�B states in Sn0.96Cr0.04O2. When an oxygen vacancy is con-
sidered as one of the six first-neighbors to the Cr impurity in these
alloys (the Sn0.96Cr0.04O1.98(VO)0.02) a considerable modification is
observed in the magnetic metastability behavior, with the occur-
rence of a second high-spin configuration with magnetic moment
m = 4�B, 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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