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We present hybrid density functional calculations suggesting that magnetism in cubic

SrTi1�xCoxO3�d (STCO) with x¼ 0.25 is sensitive to the nearest neighbor arrangement of the Co

and the presence of oxygen vacancies. Spin polarized calculations for x¼ 0.25 in which the nearest

neighbor (nn) Co spacing is a,
ffiffiffi

2
p

a or
ffiffiffi

3
p

a with a the lattice parameter predict lowest energies for

the
ffiffiffi

2
p

a nn separation and favor the ferromagnetic state. Oxygen deficiency (d ¼ 0:125) lowers the

average Co valence state and favors mixed valence and spin states (high spin for the Co adjacent to

the vacancy and low for the non-adjacent Co), an increase of the band gap and an expansion of the

lattice parameter compared to stoichiometric STCO in which both Co ions are low spin. Predicted

configurations of the two neighboring Co ions are (t5
2ge0

g; t52ge0
g) and (t4

2ge2
g; t6

2ge0
g) with average 1.0

and 1.6 lB=Co for stoichiometric and 1-O-vacancy systems, respectively. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4729830]

Substituted A1�yA
0
yB1�xB

0
xO3 perovskites are a rich

source of potential technological applications due to the vari-

ety of ferroic order parameters that can be tuned via the spe-

cific cation or anion substituents1–3 and because of their

range of physical, chemical, and catalytic properties.4,5 From

both the multiferroic and the chemical viewpoint, oxygen

stoichiometry plays a crucial role in defining the saturation

magnetization, electric polarization, and chemical

reactivity,1–6 but the effects of oxygen stoichiometry on the

electronic structure are still not completely understood. One

interesting property is the room-temperature magnetism

observed in magnetically substituted perovskites.7,8 Most

studies of magnetically substituted semiconductors have

focussed on dilute levels of substitution, and there is still dis-

agreement about the mechanisms driving spin ordering; in

more highly magnetically substituted materials, there is also

the possibility for exchange or other interactions between the

magnetic ions, complicating the picture further. Magnetic

ordering at room temperature has been observed experimen-

tally in a range of highly substituted perovskites such as

SrTi1�xMxO3 (M¼ Fe, Co) where x¼ 0.05–0.5.8–10 In these

materials, the oxygen stoichiometry plays a major role in

determining the magnetic properties because it affects the

valence states of the magnetic ions and the lattice strain,

which itself influences the magnetic properties via magne-

toelastic effects.8,9,11

Non-magnetic SrTiO3 (STO), which has a band gap of

3.25 eV, has been studied for its blue emission, superconduc-

tivity, giant thermopower, and ferroelectricity.12–15 On the

other hand, SrCoO3 (SCO), which is a metallic ferromagnet,

presents a useful sensitivity to magnetic and charge substitu-

ents and is a candidate for solid-state fuel cells.16–19 The per-

ovskite solid solution SrTi1�xCoxO3 (STCO), can potentially

integrate some of the properties of its end members, giving

rise to interesting functionalities that may be useful in, for

example, magneto-optical applications.3,20,21 Recently,

several substituted STCO-like systems have been

studied,5,8–10,18,22,23 but STCO itself has not been modeled

and therefore its emergent properties remain unexplored,

including the origin of its magnetic moment and order, the

spin and valence states of the ions, and the importance of

exchange coupling between magnetic ions, magnetoelastic

effects, and the effect of oxygen vacancies. First-principles

calculations can enable an understanding of intrinsic order-

ing and the effect of stoichiometry on the electronic and

structural properties.1,6,15,19

In this letter, we study from first principles the depend-

ence of total energy (TE) on the nearest-neighbor (nn) dis-

tance between Co ions, the Co valence states y and the

oxygen deficiency d in the Srþ2Tiþ4
1�xCoþy

x O�2
3�d system with

x¼ 0, 0.125, 0.25, 1. Magnetic ordering, lattice parameters,

and densities of states are determined for d ¼ 0:0; 0:125 and

several y valences. An increase of the optical band gap and a

volumetric expansion are predicted as a response to non-zero

d, and the magnetization (lB=Co) depends on the presence

of oxygen vacancies. We performed all calculations within

density functional theory (DFT) as implemented in the

Vienna Abinitio Simulation Package.24 Because the purpose

of the present investigation is to provide a model system to

examine the influence of the valence and spin states of the

Co ions on the TE, we used the recently implemented

screened hybrid Heyd-Sceseria-Ernzerhof (HSE06)

functional.25–27 The HSE06 functional is a screened imple-

mentation of the Perdew-Burke-Ernzerhof (PBE) functional

that combines the PBE exchange-correlation functional with

the Hartree Fock (HF) exchange.25–27 It has been shown to

offer a substantial improvement upon semi-local DFT meth-

ods in several 3d oxides.28,29 While the HSE06 functional

does introduce two additional parameters (namely the HF

mixing parameter a and the screening parameter x), it avoids

the U-J parametrization necessary in the LDAþU method.

Spin-polarized calculations were performed using a plane-

wave energy cutoff of 500 eV and the following k-point

a)E-mail: jmflorez@mit.edu.
b)E-mail: caross@mit.edu.
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grids: 6� 6� 6 for single unit cells of cubic STO and SCO

(HSE06), 8� 8� 8 for a comparison calculation of STO

using GGA, and 2� 2� 2 for the larger STCO unit cells

(HSE06). Cubic perovskite supercells with 40 ðd ¼ 0:0Þ
and 39 atoms ðd ¼ 0:125Þ were considered.

We first describe the STO and SCO structural and elec-

tronic features. The band gaps, relaxed lattice parameters,

and local magnetic moments for S(T,C)O as calculated in

this work are given in Table I. The experimental STO band

gaps are 3.25 and 3.75 eV (Refs. 12–15) for direct and indi-

rect transitions, respectively, but a comparative GGA calcu-

lation (not shown) underestimates the experimentally

determined band gap by �1:4 eV. In an attempt to reproduce

the experimental band gap, we used þU methods and con-

cluded that physically unjustified Coulomb parameters are

required to obtain a realistic band gap. The HSE06 calcula-

tion, however, predicts a band gap that is in fairly good

agreement with experiments (Table I).

In the case of SCO, HSE06 predicts a metallic FM sys-

tem, as observed for the cubic phase.16,17 The lattice parame-

ters in Table I are in good agreement with previous reports

for STO and SCO.12–19 Stoichiometric SCO could have low

or high spin Co4þ, i.e., 1 or 5 lB, respectively. Experimen-

tally, SCO (which grows with oxygen deficiency) shows a

saturation magnetization of 2.1 or 2.5 lB/f.u.,16,17 leading to

controversy concerning the valence and spin state of the Co.

Intermediate spin configurations have been proposed for

Co4þ attributed to partial transfer (t5�x
2g ! ex

g) or hybridiza-

tion of high spin Co3þ (t4
2g ! e2

g) with oxygen partial holes

antiferromagnetically coupled to neighboring Co-electrons

of eg symmetry.17,30–32 These models, however, have not

been compared with hybrid first-principles methods.

Table I presents four examples of SCO relaxation results

from HSE06. In two cases, the Co ions were initialized with

either t5
2ge0

g (low) or t3
2ge2

g (high) spin states Si. Additionally,

two calculations (indicated by *) were carried out with fixed

magnetic moments per formula unit: one corresponding to

the moment of Co4þ-low-spin ions, 1 lB, and one corre-

sponding to the experimental result of 2.5 lB.17 The calcula-

tions show that the t3
2ge2

g-initialized state relaxes to a much

larger magnetic moment than that observed from experi-

ments and has an unfavorable TE. On the other hand, the

t52ge0
g-initialized state presents not just a lower energy than

t32ge2
g but it also self-consistently evolves to a higher moment

of 1.8 lB=f :u:. The lowest energy, marked “gs” (ground

state), was obtained when the system was initialized with the

experimental value of 2.5 lB=f :u:, in which the resulting

lB=Co reaches values close to t4
2ge2

g occupancy, correspond-

ing to an intermediate spin state.16,17,30,31 Such saturation

moments could also be tuned by using þU functionals, but

there is no agreement on the appropriate U parameter for Co.

For example, one calculation was based on a U chosen to

yield 2.6 lB=f :u: corresponding to intermediate spin,19 while

another U value reported recently33 was non-negligibly

higher by �1:9 eV.33 Before describing the STCO for

x¼ 0.25, we briefly analyze the case for x¼ 0.125. In a

2� 2� 2 STO supercell, we substitute one Ti with Co4þ.

The calculation was done for low and high spin states (Si)

for both a fixed magnetic moment/f.u. (indicated by *) and

an unconstrained magnetic moment. The results are pre-

sented in Table II. The lowest energy state gs is that in which

the Co is in an intermediate spin state, with the next-lowest

energy corresponding to the low spin state, as found for

SCO. However, the energy difference between these states is

between 10 and 20 times smaller for STCO than for SCO,

when compared to the low spin state initialized SCO results

(free and constrained).

We now describe the stoichiometric (i.e., no oxygen va-

cancy) SrTi0.75Co0.25O3 system. A supercell consisting of 8

unit cells contains two Co ions, whose nn distance can be a,
ffiffiffi

2
p

a or
ffiffiffi

3
p

a (Fig. 1), where a is the cubic lattice parameter.

By considering valence states that maintain a neutral super-

cell, i.e., Co4þ, and selecting the initial lB=f :u: to correspond

TABLE I. STO and SCO properties (E is given with respect to the ground

state (gs) energy).

System Eg ðeVÞ a0ðÅÞ a0=c0 lB=Ti;Co lB=f :u: E ðeVÞ

SrTiO3 3.11 3.915 1.0001 0.0 0.0 —

SrCoO3 0.0 3.840 0.9995 3.1 4.3 0.405

3.831 1.0022 1.7 1.0* 0.229

3.818 1.0073 2.1 1.8 0.109

3.813 0.9952 2.6 2.5* 0.0gs

TABLE II. Srþ2Tiþ4
1�xCoþ4

x O�2
3 for one Co.

System a0ðÅÞ Si lB=Co lB=f :u: E ðeVÞðper f :uÞ

SrTi1�xCoxO3 7.795 h 3.37 5.0 0.057

7.795 h 3.35 5.0* 0.053

x¼ 0.125 7.762 l 1.02 1.0* 0.012

7.789 l 2.57 3.0 0.0gs

FIG. 1. 2� 2� 2 supercells: (a) STO with lattice parameter a. (b–d)

SrTi0.75Co0.25O3 for Co nn distance (b)¼ a, (c)
ffiffiffi

2
p

a, and (d)
ffiffiffi

3
p

a. In (b–d),

the Sr atoms are omitted.

252904-2 Florez et al. Appl. Phys. Lett. 100, 252904 (2012)



to either low or high spin states, we performed calculations

for both ferromagnetic and antiferromagnetic initial order-

ing, 12 cases in all. Table III compiles the computational

results, in which we denote the initial Co nearest neighbor

(nn) distance as nnCoi and the energies as Eh for high spin

initialization and El for low, with either FM or AFM order-

ing. Energies are given with respect to the lowest energy

state, gs. For gs and us, which is the next highest energy

state, the final Co spins are given as Sf (lB) and the relaxed

lattice parameters as a0 and c0. The final cubic structures are

slightly distorted, and both gs and the unstable state us corre-

spond to low-spin Co.

Table III predicts that the energy El is lower when the

Co ions are separated by
ffiffiffi

2
p

a0 or
ffiffiffi

3
p

a0 instead of by a0. The
ffiffiffi

2
p

a0 distance is most favorable and avoids sharing of any

oxygen octahedral neighbors. Modeling predicts that the gs
is a FM coupled configuration, containing t5

2ge0
g Co-spins

with 1.0 lB=Co. The similar occupancies giving rise to this

value are nicely observed in Fig. 3(a). The energy band gap

for gs and us is �50% of the STO band gap. The results sug-

gest that the tilting or rotation of the O-octahedra1 caused by

Co substitution compete with the interaction energy; in the
ffiffiffi

2
p

a0 arrangement of the Co, the resulting pseudo-cubic nnCo

spacing is slightly larger than the initial spacing nnCoi.

We then performed calculations in supercells with

nnCo ¼
ffiffiffi

2
p

a0 and with d ¼ 0:125 corresponding to one oxy-

gen vacancy; henceforth the notation ðS1; S2Þ ¼ S1;2 will be

used, where S1 identifies the Co ion at an incompletely

O-coordinated B site and S2 identifies the Co with complete

O-coordination. Four different positions of the vacancy are

possible, two of which were adjacent to the Co, labelled d1

and d2, which were expected to provide lower energies than

the non-Co-adjacent vacancies. Fig. 1 shows d1, which lies

at (0.25, 0.25, 0.5) in the (001) plane, along ĉ with respect to

the Co S1 ion; d2 is at (0.25, 0, 0.25). The Co ions can both

have y ¼ 3þ valence states, or one can be 2þ and one 4þ,

and the spins can be high or low, and initially parallel (FM)

or antiparallel (AFM). All 22 distinct possibilities were mod-

eled for both vacancies, with d1 producing lower energy

states (ground state). These are given in Table IV for the dif-

ferent Co valence and spin states including details of the lat-

tice parameters and band gaps for the lowest energy state gs
and the next lowest energy state, us. (The S1;2 ¼ 2; 4 low,

low case is equivalent to the S1;2 ¼ 4; 2 low, low case.) In

Fig. 2, we also present a comparison between the FM ener-

gies for d1 and d2. A complete study of all the possible

vacancies would require consideration of changes in the Ti

valence, which is beyond the scope of this work.

The model predicts Co3þ with mixed spin states as the

gs in what seems to be t42ge2
g for S1 and t62ge0

g for S2, i.e., a

well defined Co3þ (high, low) spin state, in contrast to the

Co4þ (low, low) stoichiometric case shown as the gs in Table

III. Such occupancies describing the magnetic moments in

Table IV can be analyzed from the resolved density of states

in Fig. 3(b). These stabilized magnetic moments present FM

ordering, but since the completely oxygen-coordinated Co

ion has almost no magnetic moment, this leads to an average

1.6 lB=Co. This moment derives from just the Co (S1) adja-

cent to the oxygen vacancy, and the other completely

oxygen-coordinated Co (S2) is sufficiently far away that no

exchange interaction is expected. This is consistent with the

TABLE III. Srþ2Tiþ4
1�xCoþ4

x O�2
3 properties for x¼ 0.25.

ESi
ðper f :u:Þ for configurations in Fig. 1 with Si Co spins

nnCoi EhAFM
ðeVÞ EhFM

ðeVÞ ElFM
ðeVÞ ElAFM

ðeVÞ

a
ffiffiffi

3
p

0.114 0.113 0.010 0.006

a 0.075 0.085 0.027 0.022

a
ffiffiffi

2
p

0.112 0.063 0.000gs 0.005us

Lattice parameters and magnetic structure

State S
1;2
f ðlBÞ a0(Å) a0/c0 VðÅ3Þ EgðeVÞ

us ð1:0; 1:0ÞAFM 7.729 1.0011 460.45 1.60

gs ð1:0; 1:0ÞFM 7.724 1.0012 460.27 1.61

FIG. 2. FM energies for different valence spin states and O vacancies cre-

ated at d1;2. d1 provides gs and us.

FIG. 3. Resolved t2g and eg density of states for Co ions: (a) Stoichiometric

STCO (g state in Table III). (b) Oxygen deficient STCO (g state in Table IV).

252904-3 Florez et al. Appl. Phys. Lett. 100, 252904 (2012)



molecular orbital model, because Co3þ-low-spin ions cannot

magnetically interact with Co3þ-high-spin ions because of

their diamagnetic t6
2g state.21,34 Therefore, the system can be

described as consisting of two non-interacting sub-lattices:

one made of magnetic Co3þ-high-spin ions and the other of

diamagnetic Co3þ-low-spin ions.

The us in Table IV represents high spin Co2þ adjacent

to the vacancy and coupled FM to low spin Co4þ in the other

position. It displays an energy close to that of gs, and has

almost the same net magnetic moment as gs. The half-filled

eg orbital in the Co2þ t52ge2
g and the empty eg orbital in the

Co4þ t5
2ge0

g would suggest a FM exchange-type interac-

tion.21,34 However, because the Co ions are not sharing an

oxygen, no cation-anion-cation ABO3 linkage rules21,34

could intuitively anticipate the superexchange coupling.

Taking into account, a complex exchange mechanism such

as double exchange would be the only way to explain the

FM, but on the basis of direct mechanisms and due to

nnCo ¼
ffiffiffi

2
p

a0 exchange-type coupling would likely be weak.

Nevertheless, the self-consistent calculations provided here

show that us is in fact a FM state.

The oxygen-deficient STCO can therefore be described

as a FM system without dominant exchange mechanisms.

This is corroborated by the lowest energy AFM-initialized

configuration, which turns out to be the AFM-initialized ver-

sion of gs, i.e., the gs is not significantly sensitive to the local

spin inversion because of either the diamagnetic Co or the

weak orbital overlap. Such weak overlaps are perhaps better

understood when we compare the FM-AFM energy differ-

ence for the gs for d ¼ 0 and 0.125. Weakening of the

exchange-type mechanisms is driven by the movement of the

incompletely coordinated Co into the space left by the

O-vacancy, which decreases the probability of super-

exchange coupling mediated by overlaps.

Comparing Tables II and III, we observe that creating

an oxygen vacancy in STCO results in an increase in the vol-

ume of the unit cell, consistent with what is observed

experimentally.8–10 Second, the spin states of the magnetic

ions at the incompletely coordinated B-sites increase when d
is non-zero. The third observation is that the direction along

which the larger change in lattice parameter occurs is the

direction joining the oxygen vacancy and Co. Finally, the op-

tical band gap increases when the oxygen deficiency is intro-

duced. The increase of the band gap is dominated by the

change in the oxygen p orbitals near the Fermi level. The

missing O2� electrons lead to a half-filled p occupancy at the

edge of the valence band.

Experimentally, films grown in oxygen have little

magnetic moment while films grown in vacuum, which are

oxygen deficient, contain mixed valence Co (or Fe in the

case of Fe-substituted STO), a strong anisotropy attributed

to magnetoelasticity, and moments of 0.5 to 1 lB=Co.8–10

The films had a larger lattice parameter than STO due to

the lower valence state and thus larger radii of the Co

ions. The saturation magnetization did not follow a Bril-

louin function, indicating that exchange was not the domi-

nant mechanism. These results are broadly consistent with

the electronic structure determined from the hybrid

calculations.

These results predict several electronic properties that

could be explored in other ABO3 systems, giving a further

insight into the origin of the room temperature ferromagnet-

ism of cubic perovskites. Calculated optical properties in

Table IV are also of common interest as they show the de-

pendence of the band gap on the oxygen deficiency. The

band gap could determine the utility of such materials as

multiferroic insulators, where wide gaps are preferred to pre-

serve ferroelectricity,1,7,13 or as photoactive generators,

where narrow band gaps are required so that photoactivity is

not restricted to the ultraviolet.1,6,15 Given the integrability

of perovskites on Si,8–10 examination of their electronic

properties using hybrid first-principles methods could pro-

vide guidance in materials selection for a wide range of devi-

ces based on these materials.

The authors acknowledge the National Science Founda-

tion, and J.M.F. thanks Fondecyt postdoctorate 3110077 and

DGIP-UTFSM (Chile) for financial support.
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