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Abstract

Ferromagnetic insulating behaviour has recently been demonstrated in cobalt-substituted SrTiO;
at room temperature [1]. Experimentally, it was found that a well-defined hysteresis loop only
occurs at high Co concentrations of 30-40%. X-ray photoelectron spectroscopy also indicated
that Co substitutes for Ti with Co being in high-spin +2 oxidation state. In this work, we employ
density-functional theory to explain the experimentally observed properties of cobalt-substituted
SrTiO;. We examine in detail the role of oxygen vacancy (OV) defects and their formation of
defect complexes with the Co ions as the origin of the ferromagnetic insulating behaviour. Our
first-principles thermodynamic calculations indicate that OV defects are much more likely to
occur next to Co atoms where their formation energies could be reduced by as much as 1.28 eV
compared to that in bulk SrTiOs;. We also find that Co in these Co-OV complexes occurs in the
high-spin state in agreement with core level spectroscopy, and identify a linear arrangement of
the Co-OV defect complexes to be the most energetically favourable structure. These defect
complexes are also shown to interact ferromagnetically and that their magnetic interaction is
found to be short-ranged, consistent with the relatively high Co concentrations needed
experimentally for ferromagnetism to be observed in cobalt-substituted SrTiOs.

1. Introduction

The discovery of room-temperature ferromagnetism in doped transition metal oxides by
Matsumoto et al. [2] has initiated many theoretical and experimental studies, owing to potential
applications of these materials in spintronics. For example, ZnO [3-4], SnO; [5-6], In,O3 [7-8]
and TiO; [9-10], have all been reported to show room-temperature ferromagnetism when doped
with magnetic ions. Increasing the Curie temperature and being able to control the spin degrees
of freedom remain major challenges in this field. In this respect, defects in these materials, both
intrinsic and extrinsic, play an important role. Defects provide additional carriers to the system
(electrons or holes) which could significantly alter magnetic interactions and the Curie
temperature in these materials.

In Co-doped ZnO, for example, the role of defects in the observed room-temperature
ferromagnetism was studied by several groups [11-13]. While Khare et al [12] found Zn
interstitials to play a crucial role in mediating ferromagnetism in Co-doped ZnO, Fonin et. al.
[11] proposed instead that the ferromagnetic properties are strongly correlated with the presence
of oxygen vacancies. Liu et al. [13], on the other hand, proposed the combination of Al-donor
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and oxygen vacancy defects to be responsible for a strong carrier mediated ferromagnetic
interaction in Co-doped ZnO. Transition metal-doped rutile and anatase TiO, are another class of
oxide semiconductors that have been extensively studied for room temperature ferromagnetism
[14-17]. Although, here too, defects have been proposed to enhance ferromagnetism, their exact
role and the mechanism, by which they induce magnetic interactions, remain highly debatable.
While interstitial Co and oxygen vacancy defects have been proposed to enhance ferromagnetism
in Co-doped TiO, by Roberts et al. [16] and Weng et. al. [14], a ferromagnetic superexchange
coupling was instead proposed by Janish et. al., who did not find oxygen vacancies to play any
role in the observed ferromagnetism in Co-doped TiO, [17].

The above-mentioned studies of magnetically doped oxide semiconductors have mainly
examined dilute levels of substitution (on the order of a few percent). In more recent works,
however, magnetic ions at higher doping levels have been considered in non-magnetic perovskite
oxides such as SrTiOs [1,18-27]. Oxygen stoichiometry has been found to play an important role
in determining the magnetic properties of these systems [18-27]. In this respect, high
concentration of Co substitution in SrTiO; has been previously examined by Florez et al. [26].
They found that mixed spin states of Co’" in the presence of oxygen vacancies can produce a
ferromagnetic interaction between the Co atoms. However, more recent measurements of the Co
oxidation state using XPS in [1] indicate that Co has a high-spin +2 valence state as indicated by
the strong shake up satellite in the Co 2p core level spectrum. Additionally, it was found that Co
substitution induces an amount of oxygen to be removed from SrTiOs that is roughly the same as
the Co concentration, which is much higher than the amount of oxygen vacancies proposed in
[26]. It was also found in [1] that a robust ferromagnetic hysteresis loop was observed only at a
sufficiently high Co concentration (~30%) and that samples exhibiting ferromagnetism were
highly insulating, suggesting the absence of free carriers.

The goal of the present work is to provide a theoretical understanding of the observed magnetic,
spectroscopic, and electrical properties of SrTiO; that has been doped with high concentrations
of Co. We investigate the role of oxygen vacancy defects in the observed valence and spin state
transitions of Co. Employing density functional theory (DFT) within the local spin density
approximation with Hubbard U correction (LSDA+U) [28], we first justify the likelihood of the
formation of oxygen vacancies adjacent to the substituted Co atoms, forming Co-OV defect
complexes. We consider different arrangements of these Co-OV defect complexes and identify
the most energetically favorable structure among them. The electronic structure and the nature of
magnetic interactions between these defect complexes are then studied. The paper is organized as
follows. In Sections II and III we present the computational details and the electronic structure of
Co-substituted STO in a defect free environment. In Section IV we introduce oxygen vacancies
and critically examine their role in ferromagnetism. Our conclusions are presented in Section V.



IL. Computational methods

The electronic structure of Co-substituted STO is studied within density functional theory (DFT)
using the Vienna Ab-initio Simulation Package (VASP) code [29] with projector augmented
wave pseudopotentials [30]. The valence electrons included for Sr, Ti and Co are 4s” 4p° 5s%, 35
3p® 4s* 3d%, and 4s’ 3d’, respectively. A plane-wave cut-off energy of 600 eV is used.
Calculations are performed on 135-atom and 40-atom supercells of SrTiOs; in order to model
SrTi;.xCoxOs. The integrals over the Brillouin zone are performed using Monkhorst-Pack special
k-point grids [31] of 4x4x4 and 6x6x6 for the 3x3x3 and 2x2x2 supercells, respectively. The
energies are converged to within 10 eV/cell, and all forces are converged to within 0.004 eV/A.

In order to take into account the correlation effects of the d electrons of Co, we perform
LSDA+U calculations employing the simplified, rotationally invariant approach as introduced by
Dudarev et al. [28]. In accordance with results extracted from photoemission data [32] an
effective Uy (Where Uy = U-J and J=1 eV was used for all our calculations) of 4.0 eV is used
for the Co d states. This value of U, also results in stabilizing an intermediate spin state of
2.5up/Co in SrCoOj in agreement with experimental observations [33]. For the Ti d states a Uy
value of 8.5 eV is added in order to obtain the experimentally observed band gap of 3.2 eV in
SrTiO3 [34]. This high value of U, on the Ti d states, however, has been checked to have no
effect on the magnetic moment on the Co atoms.

It is important to recognize the subtle difference in the effect of the Hubbard correction, Uy, on
Ti and Co d states in Co-doped STO. The key quantity is the occupation of the respective 3d
orbitals. In STO, Ti occurs in a +4 valence state and therefore should nominally have zero 3d
occupancy. In reality, a non-negligible contribution of Ti 3d states appears in the valence band
due to hybridization with the oxygen 2p states. However, the 3d occupancy is small and the top
of the valence band is mainly comprised of O-2p states, the valence band structure remains
mostly unaffected even when a large value of U,y is applied. It is the empty conduction band
states that are shifted up, thereby increasing the band gap [35]. On the other hand, Co has
nominally five (Co*") electrons in SrTi;.«CosOs or seven (Co") electrons in SrTi;CoyOs.5 and
the Uy value can significantly affect both the spin-state and the energy of the occupied 3d levels
[36]. Therefore, the choice of Uy has to be consistent with the observed spin state and the
valence band density of states.

III.  Electronic structure of a single Co atom in STO
We first investigate the effect of a single Co atom within STO. In the absence of any defects, Co
substituting a Ti site in STO should attain a valence state of +4. This means it should have 5
electrons in its outermost valence 3d shell. We model this by employing a 3x3x3 supercell of



STO, where a Ti atom is substituted by Co (we denote this as SrTi;xCoxOj3). In order to
investigate the spin state of the Co atom we plot the spin polarized partial density of states
(PDOS) of Co in Fig. 1. Our calculations indicate that Co stabilizes in the low spin state of 1
us/Co. As can be seen from the PDOS plot (Fig. 1), the e, orbitals of Co are empty while the #,,
orbitals have a spin configuration of [(tggT)3(t2gl)2]. Hence the net magnetic moment on Co sums
upto 1 up

We also examine the magnetic interaction between Co atoms in SrTi;xCoxO3 by substituting two
Ti atoms with Co. By comparing the total energy differences between ferromagnetic and
antiferromagnetic configurations as a function of distance between the Co atoms, the strength of
the magnetic interaction can be estimated. This is shown in Fig. 2. We find that ferromagnetic
interaction is favored over the antiferromagnetic one by 60 meV/Co. However, the interaction is
extremely short-ranged and persists only when Co atoms are present as nearest neighbors.

IV.  Oxygen vacancies

Contrary to the expected +4 valence state of Co, experimental observations indicate Co to occur
in the +2 valence state in Co-doped STO samples. This was confirmed by recent X-ray
photoelectron spectroscopy measurements, where the Co 2p spectrum showed a peak at about
780.5 eV, accompanied by a strong shake up satellite feature at about 6.0 eV higher binding
energy indicative of the high spin +2 valence state [1]. It is therefore imperative to consider the
presence of additional carriers when describing the physics of this system. A plausible source of
extrinsic carriers is oxygen vacancies (OV), which are commonly occurring defects in oxides,
especially thin films. Creation of an OV in STO results in two additional electrons that can
potentially convert Co from a +4 to a +2 valence state [37,38,39]. Hence understanding the role
of oxygen vacancies in the observed magnetism in this system (which henceforth would be
denoted as SrTi; xCoxOs.5) is crucial.

We first demonstrate if indeed, a vacancy is likely to occur near a Co atom. In order to do that,
we compare the formation energy of an OV in STO for two different configurations; one where a
vacancy occurs as a nearest neighbor to a Co atom (at a distance 1.92 A from it) and another
where a vacancy forms at a distance of 7A away from Co (a 3x3x3 supercell is used). We
employ the Zhang-Northrup formalism [40] where the formation energy is given by:

E

form

= Etotal (SrTil—xC0x03—5) - Et

otal

(SrTil—xC0x03 ) - 11'102 (1 )

The first two terms represent the total energy with and without the OV and 4, is the reference

chemical potential of oxygen which is chosen to be half of the binding energy of the oxygen

molecule [41]. We find that £, is 4.56 eV when the vacancy is placed as a nearest neighbor to

orm

Co compared to E, of 5.84 eV when the vacancy is placed 7 A away from the Co atom. This

form

suggests that an oxygen vacancy prefers to form in the vicinity of a Co atom rather than away



from it. In the subsequent calculations, we assume the presence of a single, adjacent OV for
every Co atom, and will refer to this as a Co-OV complex.

V. Spin-state of a Co-OV complex

Before investigating the spin-state of the Co-OV complex we briefly examine the structural
changes induced due to the formation of this defect complex. In the absence of any defects,
within the LDA+U approximation, we find the equilibrium lattice constant of SrTiO; to be 3.92
A. In order to study the structural effects of Co-OV complex we employ a 2x2x2 supercell of
S1Ti;xCox0O3.5 as shown in Fig. 3(a). This corresponds to x=6=0.125. Fig. 3(b) shows a plot of
the total energy as a function of the lattice constant. We find a 0.5 % reduction in the equilibrium
lattice constant which now comes out to be 3.90 A. As can be seen from Fig. 3, there also is a
significant atomic rearrangement around the Co-OV defect site, particularly the Ti and the O
atoms. The neighboring Ti atom, labeled 4 in the figure, moves away from the vacancy site by
0.07 A relative to its ideal position in an unrelaxed supercell. This is in contrast to what is
observed in Ti-OV-Ti, in the absence of Co, where the two Ti atoms are actually found to move
closer to the vacancy site [38]. We do not find any displacement of Co from its ideal position.
The four neighboring oxygen atoms, bonded to type 4 Ti, also show strong relaxation towards
the vacancy site.

We now consider the electronic structure of SrTi;CoxOs.s for the particular configuration
depicted in Fig. 3. Since an OV is an n-type defect ‘donating’ two electrons to the neighboring
Co atom, the valence state of Co changes from a 4+ to a 2+ state. An important question is
whether Co stabilizes in the High Spin (HS) or the Low Spin (LS) state. We address this by
performing a “Fixed-Moment” calculation [42,43]. Freezing the net magnetic moment, on Co, to
a particular spin state and subsequently performing a self-consistent calculation one can compare
the energy of various spin configurations. We find that the HS state, corresponding to a magnetic
moment of 3 ug on Co, is lower in energy by 0.4 eV/cell than the LS state corresponding to a
magnetic moment of 1 uB/Co. Hence, it is expected that Co>" would stabilize in the HS state in
the presence of an OV. The electronic structure for both the HS and the LS states are presented
in Fig. 4(a) and 4(b) respectively.

The formation of an oxygen vacancy near a Co atom breaks its octahedral symmetry and causes
local hybridization of the Co 3d with its 4s and 4p states [37,38,39]. This results in splitting of
both the Co t and the e, manifolds. In the +2 state Co has 7 valence electrons. For the HS state
two of the ty, states, in this case Co dy, and Co dy,, are fully occupied, while dy, and the e, states
are partially occupied with a net magnetic moment of 3 ug/Co. For the LS state the t,, states are
all fully occupied while the e, states are only partially filled with a net magnetic moment of 1
],lB/ Co.



VI.  Magnetic interactions

In our previous work, the Co-substituted SrTiO; film grown on Si was found to exhibit a well-
defined hysteresis loop only at a high concentration of Co (>20 %) [1]. The sample was also
found to be under an in-plane tensile strain where the c/a ratio for SrTiOs; was measured to be
0.989. In order to simulate a higher concentration of Co we had used a 2x2x2 supercell of STO.
Since experimentally the valence state of Co was found to be +2 [1], for every Co atom we had
introduced an OV. This corresponded to x = 6 = 0.25. Among the different possibilities we had
identified two configurations with the lowest energies, as indicated in Fig 5(a) and 5(b). For a
cubic supercell of STO, these two structures had the same ground state energy. This indicates
that Co-OV complexes energetically prefer a linear arrangement. A linear clustering of vacancies
and electron localization had been previously reported, where the vacancy clustering was found
to decrease the vacancy mobility and to reduce the free carrier density [44].

In order to be consistent with experimental conditions we had then applied an in-plane tensile
strain to the STO supercell in order to attain a c/a ratio of 0.989. Upon breaking the cubic
symmetry a notable effect was the increased stabilization of the Co-OV complex within the plane
of applied tensile strain (compared to the one perpendicular to it) [1]. Furthermore this
configuration was found to favor a ferromagnetic alignment, compared to an antiferromagnetic
one although the energy difference was only 8.0 meV/Co. Co was also in the HS state.

To further investigate the nature of magnetic interactions between Co atoms we now employ a
larger supercell of STO which would allow us to consider greater number of Co-OV defect
configurations. We employ a 2x2x3 supercell which has eight distinct Ti sites that could be
substituted by Co. Similar to previous calculations [1], we assume an OV for every Co atom.
Interestingly, in this larger supercell, the lowest energy structure also has a Co-OV defect
complex arranged linearly as shown in Fig. 6(a). In Table 1 we present the energy differences
between ferromagnetic and antiferromagnetic alignments of Co atoms for four different
configurations of Co-OV complex. These configurations correspond to structures labeled as 1, II,
IIT and 1V, as shown in Fig. 6(a) and (b). For configurations III and IV we find that both the
ferromagnetic and antiferromagnetic alignments have the same energy. We were unable to
stabilize an antiferromagnetic solution for configuration II (indicated by X in Table I).

We now examine the spin polarized PDOS of Co atoms for the lowest energy structure as shown
in Fig. 7(a) and (b). Both Co atoms stabilize in a HS state with 3 uB/Co. For configurations I and
IT we find that there is an intermediate Ti atom between the two Co-OV complexes that has a
small magnetic moment parallel to Co. For configuration I, which has the lowest energy, we find
that one of the e, orbitals (the d,?) of this Ti atom (labeled B in Fig. 8) acquires a small net spin
polarization of 0.044 . This is not the case for configurations III and IV where an OV, Ti and
Co atoms are not arranged in a line. The local symmetry lowering due to the vacancy causes Ti
d_, to mix with Ti 4s and 4p orbitals making a spatially extended hybrid orbital approximately 1



eV lower than the bulk state [35]. In structure I, this state overlaps with the Co state of similar
nature. This lowers the overall energy and results in Ti acquiring a small moment.

It is now instructive to comment briefly on the effect of the Hubbard parameter on the Ti d states
and how this correction could affect our magnetic calculations. A Uy value of 8.5 eV was used
to obtain the experimentally observed band gap of 3.2 eV in STO. It also resulted in an
equilibrium lattice parameter of 3.92 A, which is a slight overestimation from the experimental
value of 3.905 A. Upon applying U, on Ti d, the empty conduction Ti d states are pushed up
while the relative ordering of the occupied Ti d states (within the valence bands) with respect to
the O p states is also expected to be somewhat modified. It is therefore necessary to carefully
examine the effect of the Hubbard correction on the magnetic results. In order to do so we repeat
our calculations (comparing the energy differences between a ferromagnetic and an
antiferromagnetic configuration) for U,;=0 and U,=3 eV. We present these results in Table 1.
As can be seen, we find a consistent trend for all the values of U,y used. We therefore believe
that the qualitative conclusions of our work will remain the same, irrespective of the value of U,y
used.

VII. Conclusions

We have performed a first principles theoretical analysis of Co substitution in STO in the
presence of oxygen vacancies, in order to investigate the role of these vacancies in the observed
room temperature ferromagnetism of cobalt-substituted STO. We find that oxygen vacancies
transform the valence state of Co from the expected 4+ to 2+ by donating two electrons to it. The
Co-OV complex is found to be thermodynamically stable and a linear arrangement of such
complexes is energetically favored. In-plane tensile strain is found to preferentially stabilize the
Co-OV complex to lie along one of the in-plane directions, which is important in strained
epitaxial films. Co®" is found to occur in the high-spin state in the presence of an OV. A very
short-range ferromagnetic interaction between the Co-OV defect complexes is predicted for the
linear configuration. This is in line with the experimental observations where ferromagnetism in
the Co-doped STO samples is found to occur only at high concentrations of Co (>25%) [1].
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Tables

Table I: energy difference between the antiferromagnetic and ferromagnetic alignment for
different configurations indicated in Fig. 6 for different values of U on Ti d states.

Configurations Earm-Erm Earv-Erm Earm-Erm
(meV) (meV) (meV)
[Uer=8.5eV] [Uer=3 eV] [Uyr=0]
I 10 15 15
II X X X
I 0 0 0
v 0 0 0

Figure Captions
Fig. 1: Orbital-resolved local density of states of the Co atom in SrT1;.xCoxO3 for x = 0.037.

Fig 2: Energy difference between the antiferromagnetic and ferromagnetic alignment of two Co
atoms as first, second, and third nearest neighbors. The ferromagnetic alignment is preferred only
for the first nearest neighbor configuration.

Fig 3(a): A 2x2x2 supercell of SrTi;xCoxO3.5 (x = = 0.125) showing a Co-OV complex.
Fig 3(b): Total energy as a function of the lattice constant of SrTi; CoxOs.5 (x = = 0.125).

Fig. 4(a) 2x2x2 supercell of SrTi;.«CoxO3.5 with Co-OV pairs oriented along the x-axis and (b)
oriented along z-axis.
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Fig 5: 2x2x3 supercells of Co-substituted STO containing a pair of Co-OV complexes. I, 1, III
and IV represent different Co-Vac defect arrangements.

Fig. 6: Orbital-resolved PDOS of two Co atoms corresponding to the lowest energy structure
(configuration I).
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