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In this work we study, theoretically, the magnetic properties of transition metals (TMs)-doped SnO, (with
TM=V, Cr, and Mn) in a diluted magnetic oxide configuration, focusing in particular in the role played
by the presence of O vacancies, Vo, nearby the TM. We present the results of first-principles electronic
structure calculations of SnggsTMo 0402 and Sng.g6TMo,0401.95(Vo )o.02 alloys. The calculated total energy
as a function of the total magnetic moment per cell shows a magnetic metastability, corresponding to
a high-spin (HS) ground state, respectively, with 2 and 3 pg/cell, for Cr and Mn, and a metastable low-
spin (LS) state, with 0 (Cr) and 1 (Mn) pg/cell. For vanadium, only a state with 1 pg/cell was found. The
spin-crossover energy (Esco) from the LS to the HS is 114 meV for Cr and 42 meV for Mn. By creating O
vacancies close to the TM site, we show that the metastability and Esco change. For chromium, a new HS
state appears (4 pg/cell), with an energy barrier of 32 meV relative to the 2 ug/cell state. For manganese,
the metastable LS state of 1 wg/cell disappears, while for vanadium the HS state of 1 pg/cell remains. In
all cases, the ground state corresponds to the expected HS. These findings suggest that these materials
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may be used in applications that require different magnetization states.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recently tin dioxide (SnO, ) doped with transition metals (TMs),
has been extensively investigated due to the resulting important
magnetic properties [1-6].In particular, ferromagnetic (FM) behav-
ior has been observed at room temperature in Cr-doped SnO,
diluted magnetic oxide (DMO) systems [7-9], indicating the poten-
tial of such systems for spintronic applications. It has also been
observed that the presence of oxygen vacancies appears to be
required for producing ferromagnetism in DMO, such as, e.g., in Co-
and Fe-doped ZnO [10-13], in Co-doped TiO, [14,15], in Fe- and Co-
doping in In,03 [16,17] and in Co- and Cr-doped SnO, [7,18,19]. A
theoretical model proposed by Coey et al. to interpret the ferro-
magnetism in these semiconducting oxides requires the existence
of oxygen vacancies in close proximity to TM sites in order to main-
tain the charge neutrality [20]. For TM-doped SnO, nanoparticles,
the FM behavior is limited by a maximum doping concentration x;
which has a strong relation with structural changes revealed from
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X-ray diffraction measurements [7]. For example, the presence of
oxygen vacancies in the Sn;_,CryO, samples, in which the Cr con-
centrations x varies from O to 10% has been detected by electron
paramagnetic resonance experiments [19]. The literature contains
many efforts aimed at the characterization and understanding of
the mechanisms involved in the FM behavior observed in such sys-
tems. However, no theoretical models based on rigorous ab initio
electronic structure calculations have been published that estab-
lish unambiguously the roles played by TMs and by TMs with an
oxygen vacancy nearby in SnO, [21].

In this work, we study the magnetic metastability and electronic
properties of Sn;_yTMx0, (TM =V, Cr, Mn) DMO alloys, for x=0.04,
i.e., SngggTM 40, alloys, through ab initio electronic structure
calculations performed within the spin density functional theory.
We have chosen the concentration of x=0.04 for the calculations
since it corresponds to a typical experimental value (in the range
which most of the experimental work has been done) and the
alloy can be easily simulated by a reasonable size supercell. The
magnetic metastability has been recently investigated in other sys-
tems like GaN:TM [22]. Additionally, we also study the influence
of an oxygen vacancy (Vp) nearest neighbor to the TM atom in
the alloys, Sn;_xTMx0,_,(Vo)y systems, with x=0.04 and y=0.02,
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Fig. 1. Total energy vs. magnetic moment per cell for (a) Sng.osMng,0402, (b) Sng.96Mng.0401.98(Vo )o.02, (€) Snp.geVo.0402 and (d) Sng.osVo.0401.98(Vo )o.o2. The total energy of the
high spin ground state is set to zero.

i.e., Sng.96TM.0400.98(Vo)o.02 alloys, and its consequences for the
magnetic behavior of TM-doped SnO,.

2. Calculation method

All calculations were based on the spin density functional

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
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previously used to study the structural and electronic proper-
ties of bulk rutile SnO, [26]. The valence electronic distributions
for the PAWs representing the atoms were Sn — 4d'0 5s2 5p2,
0 - 252 2p8, V - 3d3 4s2, Cr - 3d° 4s!, and Mn - 3d° 4s2, and
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 Monkhorst-Pack mesh k-points for integration in
the Brillouin Zone. All the calculations were done with a 490 eV
energy cutoff in the plane-wave expansions and the systems were
fully relaxed until the residual forces on the ions were less than
10 meV/A.
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Fig. 2. Relative volume (%) around manganese impurity vs. magnetic moment per cell for (a) Sng.gsMng 0402 and (b) Sng.96Mng0401.98(V0 )o.02-



P.D. Borges et al. / Applied Surface Science 267 (2013) 115-118 117

100 ' ;
(a) , o m=3 p fcell
— ] majority
5 50 : Mn
& : — T
8 :
Q -50- : o
M ' minority
-100 T T : : -
-3 -2 -1 0 1 2 3 4
majority m=3 p fcell

S =

Mn

3d

minority
0 1 2 3 4
Energy (eV)

Fig. 3. The total (black lines) and projected (gray shaded areas) density of states of the Mn 3d derived states for the majority and minority spins for the magnetic moment
equal to 3 pg/cell are shown for (a) Snp9sMng 0402 and (b) SnggsMng0401.98(Vo)o.o2. The vertical (dashed) line corresponds to the highest occupied energy level for the

majority and minority spin.
3. Results and discussion

We studied the systems SngggTMgposO2 and the
Sng.96TMg.0401.98(Vo)ooz With the oxygen vacancy as the TM
nearest neighbor. In both cases a single tin atom was substi-
tuted with a TM atom in the 72-atoms supercell, simulating the
x=0.04 impurity concentration. For all cases the total energy was
calculated for several magnetic moment values.

It was recently shown by us [27] that when a Sn atom is replaced
by a chromium atom in SnO», a high spin (HS) ground state with
a magnetic moment m=2 pp/cell and a low spin state (LS) with
a magnetic moment m=0 pg/cell are seen. For this case a spin
crossover becomes possible with an energy barrier of 114 meV cal-
culated for the transition from m=0 wg/cell to m=2 wg/cell. When
an oxygen vacancy (out of the six first-neighbors of Cr) is consid-
ered, the total behavior of the energy vs. the magnetic moment
per cell showed the appearance of a second HS configuration, with
magnetic moment m=4 pp/cell, and an energy barrier of 32 meV
relative to the 2 pg/cell state was found. The ground state, however,
remains as the 2 pg/cell magnetic moment HS state. The energy bar-
rier for the m=0 pp/cell to m=2 pp/cell transition was reduced to
27 meV. Comparing the same transition for the DMO without the
vacancy of 114 meV, a drastic reduction by about 75% is observed.

We show here that if a single Sn atom is substituted with a
manganese atom, the magnetic metastability seen for Cr can also
occur. Fig. 1(a) and (b) shows the total energy behavior for the
SHO.QGMH0.0402 and SHO.QGMH0.040].98(‘/0)0'02 alloys, respectively.
A HS ground state with a magnetic moment m=3 pp/cell and a
LS state with a magnetic moment m =1 pg/cell were observed for
the system without the oxygen vacancy, with an energy barrier
of 42meV for the transition from m=1 pg/cell to m=3 up/cell.
When the oxygen vacancy is considered m=1 pg/cell is no longer
a metastable state, however new states between 3 <m <5 appear
with energy values very close to the ground state at m=3 pg/cell
and an almost flat region between m =3 pg/cell and m=5 pp/cell is
seen.

Fig. 1(c) and (d) shows the total energy vs. magnetic moment
for Snpg6Vo0.0402 and SngosVo,0401.98(Vo)o.oz alloys, respectively.

The ground state is at m=1 pg/cell independently of the presence
or absence of an oxygen vacancy. For the case V-doped SnO, the
magnetic metastability is not observed and also the presence of the
oxygen vacancy did not provide an increase of magnetic metastable
states, as in the case of the chromium and manganese impurities.

We can try to understand the values of m observed by analyzing
the TM charges states and the neighbor atoms around it. For the
SnggsCroo40; alloy the Cr** (3d2) impurity replacing Sn** allows
the magnetic states m=0 and 2 pp. In this case the neighborhood
does not contribute to the magnetization of the system. When an
oxygen vacancy is taken into account, the impurity state changes
from Cr** to Cr3* (3d3) and the neighboring atoms contribute for
the magnetic moment. Three spin up electrons from Cr plus one
spin-down electron arising from the neighboring atoms allow for
the metastable state with m=2 g, while three spin-up electrons
from Cr plus one spin-up electron coming from the neighboring
atoms allow for the metastable state m=4 pg. These results are
in agreement with the experimental data. Misra et al. [19] have
shown that the EPR spectra of Cr3* doping ions in sample of SnO,
nanoparticles exhibit a ferromagnetically ordered component due
to oxygen vacancies.

Likewise, the Mn** (3d3) impurity replacing Sn** allows the
magnetic states m=1 and 3 pp/cell without the need of electrons
coming from the neighborhood. If an oxygen vacancy is present the
TM state changes from Mn** to Mn3* (3d*). The magnetic moment
value equal to 3 pg/cell is a result of the four manganese spin-up
electrons and one spin-down electron provided by the neighbor
atoms. X-ray photoelectron spectroscopy studies have confirmed
the incorporation of Mn3* cations into rutile SnO, lattice [28,29].
For vanadium doping in tin dioxide the EPR and XPS studies [30,31]
revealed the existence of V4* ions incorporated in SnO,.

As noted for the chromium impurity, for the manganese and
vanadium impurities we observe a relationship between the struc-
tural modification around the TM atom, due to the electronic and
ionic relaxations, and the occurrence of the magnetic metastability.
If we consider a spherical volume involving the TM whose radius
is an average distance between the TM and the six oxygen first
neighbors, our calculations showed that, after full relaxation the
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corresponding volume is reduced. For Cr the volume is reduced
by about 16% for the HS state (2 wg/cell) and by 17.5% for the
LS state (O wp/cell). Considering the oxygen vacancy, for the HS
states (2 pp/cell and 4 pg/cell) the volume reductions, after full
relaxed calculations, were 20% and 22%, respectively, while for
the LS state (0 pg/cell) it was 31%. For LS configurations the pres-
ence of a missing oxygen atom allows greater relaxations which
reduce the total energy of the system lowering the energy bar-
rier for the crossover. As shown in Fig. 2(a) for Mn the volume is
reduced by about 17% for the HS state (3 wp/cell) and by 18.5% for
the LS state (1 pg/cell). If the oxygen vacancy is present the volume
around the Mn impurity is reduced by about 15% for the magnetic
moment between 3 pg/cell and 5 pg/cell forming an almost flat
region.

The observed magnetic metastability in the DMOs studied here
is attributed to a structural modification (relaxation) around the
TM impurity. The presence or absence of magnetism in this case
is determined by a competition between intra-atomic exchange
interactions and inter-atomic electronic motion due to the crys-
talline field [32]. Therefore, the occurrence of the LS and HS states
depends on the effective balance between these two interaction
fields. The LS state occurs when the crystal field splitting is larger
than the intra-atomic exchange splitting (lowest volume), and oth-
erwise, the HS state is the ground state (highest volume).

The total (TDOS) and projected (PDOS) density of states of
the Mn 3d orbital are shown in Fig. 3(a) and (b) for the cases
Sng.g9sMng 40, and SngggMngg401.98(Vo)o.oz alloys, respectively.
The vertical lines represent the highest occupied energy values for
the majority and minority spin. For both cases the manganese 3d
states are found to lie in the gap region and, showing a half-metallic
behavior.

4. Conclusions

The magnetic and electronic properties of chromium, man-
ganese and vanadium as an impurity in a DMO configuration
in rutile tin dioxide, (SngggTMgo403), were studied using ab
initio calculations performed within the spin-density functional
theory. A magnetic metastability was observed. Energy barriers
were obtained for the spin crossover between the m=0 pg/cell
and m=2 pg/cell states in SngggCrpp40, and m=1 pg/cell and
m=3 pp/cell states in SnggsMngg40,. For vanadium the mag-
netic metastability was not observed. When an oxygen vacancy
is considered as one of the six first-neighbors to the Cr and
Mn impurities in these alloys (the SngggCrg0401.98(Vo)o.02 and
Sng.96Mng 0401.95(Vo)o.02) a considerable modification is observed
in the magnetic metastability behavior, with the occurrence
of a second high-spin configuration with magnetic moment
m=4 pp/cell for the chromium impurity with significantly lower
energy barriers, 27 meV, for the system to flip from the low-
spin to the high-spin state, and the disappearance of the state
with m=1 pg/cell for the manganese impurity. This behavior

is attributed to the relative contributions of the intra-atomic
exchange interactions effects and the inter-atomic electron motion
effects due to the crystalline field which are responsible for the
relaxations around the TM impurities.
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