


Chapter 29
Intrinsic Magnetism in Tin Dioxide

V. Golovanov, N. Ozcan, M. Viitala, T.T. Rantala, and J. Vaara

Abstract Magnetic properties of pure SnO, are examined through the first-principles
electronic structure calculations based on density functional theory. It is found that
the observed ferromagnetism in undoped SnO, mainly originates from the bulk
double oxygen vacancies.

Keywords Tin dioxide ¢ First principles calculations « Magnetism * Double
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29.1 Introduction

In search for new generation of spintronic devices the transition metal (TM) doped
oxide semiconductors evoked a lot of attention in the past decade with respect to
large magnetic moments and room temperature ferromagnetism [1]. After discov-
ering of a giant magnetic moment in Co-doped SnO; [2], the various TM-doped
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SnO; structures were extensively studied both experimentally [3-6] and theoretically
[7-9]. It has been observed that Mn-doped SnQO, showed very large magnetic
moment, at low doping concentration which is far above the spin magnetic moment
of Mn [10]. This fact points out on intrinsic defects that can play an important role in
mediating of the ferromagnetism in TM-doped SnO,. Density functional theory (DFT)
modeling of TM-doped SnO, with presence of oxygen vacancies (V,,) is controversial.
In Cr-doped SnO, the proximate V,, caused weakening of the ferromagnetic interac-
tion [7], while their presence in Co-doped SnO, induces coupling between two Co
spins with large Co—Co distance.[8]. Furthermore, some authors surprisingly reported
that the pure SnQO, films present magnetic-like behavior at room temperature [11-15].
They.assume that lattice defects [11-13] and/or low dimensionality [13, 14] could be
the reason of the observed magnetism. However, a consensus on the origin of the
magnetism in undoped oxide semiconductor has not yet been reached. Theoretically,
first principles calculations [16] showed that neutral cation vacancies in SnO, can
induce ferromagnetism, provided that concentration of Sn vacancies would be an
extremely high. It worth noting that Sn vacancy has high-formation energy, while V, is
easy to form in SnO; [17]. Moreover, treatments of SnO, films in oxygen atmosphere
significantly affect the magnetic ordering [13, 15], which means that oxygen
vacancies have obvious impact on the spin polarization of tin oxide.

Recently we have demonstrated [18] that singly ionized oxygen vacancies (V")
can induce local magnetic moments in pure bulk SnO,, thought according to Wang
et al. [19] they couple antiferromagnetically when self-consistent band gap correc-
tion (GGA + Uy) is applied. According to numerous calculations [16-21] the V'
defect is unstable with respect to neutral or doubly ionized state at all conditions,
which raises the question of the abundance of singly ionized oxygen vacancies in a
pure SnO, bulk crystal. Anyway, in electron paramagnetic resonance (EPR) studies
of tin oxide the resonance at g = 1.89 till recently was widely associated with
singly ionized oxygen vacancy [22-24]. Our DFT cluster calculations [18] reassign
isotropic g tensor of VI to a typical for F-center value around 2.00, which corro-
borates earlier assignments of the corresponding EPR signal observed from SnO,
[25-27]. In contrast, the strong experimental signal at 1.89 reported in a number of
preceding papers, is likely to be caused by some other paramagnetic center, which
stimulates a quest for intrinsic defects that can be candidates for a stable magnetic
centers in tin oxide. This include double defects, like oxygen vacancy associated
with interstitial tin atom (Sn; + V,), dioxygen vacancy structures, and various
surface arrangements of V,,. Wang et al. [19] reported that Sn; + V, defect pair
cannot induce ferromagnetism in bulk SnO,. On the other hand, the EPR
measurements [28] revealed four symmetrical resonance lines with g-factor in the
range of 1.999-1.89 in gradually reduced SnO,, where dioxygen vacancies can
be readily formed. Therefore, and motivated by the importance to understand the
nature of intrinsic magnetism in tin dioxide to the function of any SnO, based
spintronic device, we generate models of the double oxygen defects in pure Sn0O;
bulk and predict their properties using DFT calculations.
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29.2 Models and Methods

The computational first-principles density functional (DFT) approach applied here
is based on the plane wave basis set and pseudopotential concept to describe
electron-ion interaction (CASTEP code) [29]. Utilizing ultrasoft pseudopotentials
(USP) [30] the plane wave basis set can be limited considerably [31]. The chosen
plane wave cutoff is 380 eV. Oxygen atoms are described by six valence electrons
and tin atoms by four plus the corresponding pseudopotential ion cores. Electronic
exchange and correlation are included by the Perdew-Burke-Ernzerhof generalized-
gradient approximation (GGA) (PBE) allowing possible spin polarization [32]. The
Brillouin zone 1s sampled with2 x 1 x 3 Monkhorst-Pack & points. In separate test
calculations the number of k-points was increased to check the convergence. For
charged systems, the negative charge of the unit cell is balanced by using constant
background charge density. Since such charged model systems can be expected to
have the Fermi energy above the conduction band minimum (CBM), occupation
numbers were broadened using Gaussian like smearing with a width of 0.1 eV.

A unit cell SngOg 1s chosen for convenience of future modeling of the surface
of the crystal instead of the conventional primitive cell Sn,O4 with different orien-
tation. This choice will in the future allow us modeling of the most abundant
(110) surface using the same orientation in the slab model. The computational
supercell is a2 X 2 x 4 multiple of the chosen unit cell. All structures considered
are relaxed while keeping the lattice parameters fixed at optimized from CASTEP
values a = 4.899 A, c = 3.284 A.

Different methods are used to analyze properties of charged systems, giving
qualitatively consistent and complementary results. These methods include; partial
density states (PDOS), Mulliken population analysis and distribution of the
Kohn—Sham orbitals. Mulliken population analysis gives charges of atoms and bond
populations of atom pairs as calculated in terms of density matrix and overlap matrix.

29.3 Results

The possible arrangements of dioxygen vacancies in bulk SnO, are denoted in
Fig. 29.1, where pairs of oxygen atoms are removed from the octahedron
surrounding Sn™* site. Each dioxygen vacancy (except Ovac3 conformation) caused
formation of four 5-fold (Sns¢) and one 4-fold (Sny¢) coordinated Sn atoms. Highly
symmetrical Ovac3 geometry produces two Snss and two Snye under-coordinated
atoms and does not exhibit spin polarization, while the other configurations in
oxidation state +3 induce spin magnetic moments primarily localized on the
fourfold Sn atom and first coordination shell of O atoms surrounding the Snys
with total magnetic moment of 1.02 pg per supercell. The spin projected densities
show that the unbalanced charge of Snys atom spreads toward the empty defect site,
while on surrounding oxygen atoms it occupies orbitals orthogonal to direction of
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Fig. 29.1 A 48 atom

2 X 2 x 2 supercell of SnO,
with O-pairs removed from
the sites / & 3 (Ovacl); I & 2
(Ovac2); 1 & 4 (Ovac3) and !
& 5 (Ovac4). The Sn and O
atoms are labeled

the Sn—O bond. Low population of the Sn®**—0 bond indicates on prevailing ionic
character of interaction between fourfold tin and oxygen atoms.

The key for understanding of magnetic properties in pristine SnQ, is the dual
valency of Sn, which facilitates a reversible transformation of the Sn** cations into
the Sn** cations. Oxygen deficiency associated with formation of the oxygen
divacancies in reduced SnO, causes formation of the fourfold bulk Sn atoms.
When fourfold coordinated Sn atom is formed, its two 5s-orbitals hybridize with
two cation’s Sp orbitals forming the two 5s-5p hybrids with strong contribution
from the O 2p orbitals of the first coordination shell. These two orbitals along
with the remaining Sp orbital of the Sn cation (that also hybridizes with O 2p
orbitals) can be seen around the Fermi level in Fig. 29.2, which is representative for
all Ovacl,2 4 structures. |

Earlier we have demonstrated that such Snye atoms able to accumulate a consid-
erable amount of additional charge around itself [31], which results in a lowered
dynamical charge with regard to its nominal ionic value Sn“*. When neutral dioxygen
vacancy is formed in the bulk of SnO,, the two electrons compose the lonpair Ss-5p
hybrid, while the remaining excess electrons occupy the empty Ss-5p states of the Sny;
ion resulting in a low spin state of the defect.

Removing of one electron from the system results in a weak magnetic moment of
only 0.12 pg, which points out on the outer compensation of the electron being
withdrawn from the 5s-5p orbital of the fourfold coordinated Sn atom.

We have found that the energy level of the 5s-5p hybrid orbitals of the Sngs
cation are located in resonance with the 5s orbitals of the Sns¢ atoms, which are also
formed around the oxygen divacancy. These orbitals are featured by the excess
electron density on their dangling bonds as compared to 5s orbitals of the bulk Sns
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Fig. 29.2 Projective PDOS 0.9
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Fig. 29.3 Isosurface of spin
density distributions of SnO,
supercell with three oxygen
divacancies (Ovac2) showing
their ferromagnetic coupling
mediated by oxygen atoms.
The energy difference

AE between AFM and FM
ordering (AE = Eaxrm—Erm)
is 23 meV

atoms, which is clearly seen from the Mulliken population analysis. Therefore, a
partial compensation of the removed electron density to the HOMO orbital of Snys
atom in case (b) is provided particularly by the under-coordinated Sns; atoms.
However, the situation is changing dramatically when the system undergoes a
strong electron deficiency, i.e. dioxygen vacancy is in +3 oxidation state,
(Fig. 29.2d). There is no more excess charge at the Sns; atoms and in order to
stabilize its lonepair and preserve its stable Sn** oxidation state the missing electron
density is partially transferred from the nearest O 2p orbitals to the Snys cation. The
observed spin density demonstrates that Snys is not completely occupied as Sn**
ion, which otherwise has an s* configuration and a singlet electronic state. At the
same time, a hole band 1s formed by oxygen atoms surrounding the Snys cation,
which are polarized with the same spin orientation as that of the fourfold Sn atom.
These states appear to be ferromagnetically coupled with a rather long-range
magnetic interaction, due to strongly Hund’s rule coupling and the on-site Coulomb
repulsion between the holes in oxygen orbitals [33]. Ferromagnetic coupling
between the Snys ions in reduced SnO, is therefore attributed to the hole-mediated
s-p exchange coupling interaction, see Fig. 29.3.

It has been i1dentified by Peng et al. [34] that oxides can be spin-polarized by
injecting holes into the host due to large exchange interaction strength of O 2p
orbital and quite flat valence band with large effective mass. Since O 2p orbitals are
spin split in crystal, the more distant O atoms are also important as they help to
overcome the magnetic percolation threshold. Thus ferromagnetism can be realized
even at low concentration of Snys ions in SnO,. The total DOS shows that minority
spins localized on O 2p orbitals keep the insulating behavior of pure SnO, whereas




29 Intrinsic Magnetism in Tin Dioxide 321

majority spins are metallic. Such a half-metallic ferromagnetic ground state for
the whole system is the promising case for application in spintronic devices.
The GGA + U test calculations with several U values on O-2s orbitals were
qualitatively similar to that without U and it did not influence the discussion on
the magnetism properties of undoped SnQOs.

29.4 Conclusions

We have studied the magnetic and electronic properties of defects in SnO, using
pseudopotential and method. Our calculations show that bulk SnO, is nonmagnetic,
but it shows magnetism with a magnetic moment around 1.02 g per one to double
oxygen vacancy. The magnetic moment comes mainly from fourfold coordinated
Sn atom and O atoms surrounding defect. The ferromagnetic coupling between
oxygen divacancies in undoped SnQ, is attributed to the hole-mediated s-p exchange
coupling interaction between the Snys cations. The calculations of formation
energies show that double oxygen vacancies are stable with respect to single ionized
oxygen vacancies. Thus, our calculations demonstrate that the experimentally
observed room temperature ferromagnetism in undoped SnO, can be attributed to
bulk oxygen divacancies in this material.
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